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PREFACE 


The  proceedings  of  the  1980  Symposium  on  Lightning  Technology  held  at 
Langley  Research  Center  April  22-24,  1980,  are  reported  in  NASA  CP-2128.  The 
Symposium  was  sponsored  by  the  National  Aeronautics  and  Space  Administration, 
the  Florida  Institute  of  Technology,  and  the  Department  of  Transportation. 

This  supplement  contains  papers  that  were  presented  at  the  Symposium,  but 
were  unavailable  for  printing  at  the  time  of  publication  of  NASA  CP-2128. 

This  publication  was  prepared  from  camera-ready  copies  of  the  conference 
presentations  supplied  by  the  authors.  The  material  presented  in  this  report 
was  taken  from  a  variety  of  sources;  therefore,  various  units  of  measure  are 
used.  Use  of  trade  names  or  names  of  manufacturers  in  this  report  does  not 
constitute  an  official  endorsement  of  such  products  or  manufacturers,  either 
expressed  or  implied,  by  NASA. 
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AIRBORNE  LIGHTNING  CHARACTERIZATION* 
Capt.  Robert  K.  Baum 

Air  Force  Wright  Aeronautical  Laboratories 


SUMMARY 

A  WC-130  aircraft  was  instrumented  with  wideband  electromagnetic  field 
sensors  and  flown  near  active  thunderstorms  to  obtain  data  on  the  characteris¬ 
tics  of  nearby  and  direct  strike  lightning.  An  electric  field  ground  station 
and  time-of-arrival  network  provided  time  correlated  data  to  identify  the 
three  dimensional  locations  of  the  discharge  and  the  different  events  in  the 
lightning  flash.  A  description  of  the  sensors,  calibration  procedures,  and 
recording  equipment  is  presented.  Data  are  presented  on  return  stroke  char¬ 
acteristics  in  the  5  to  50  km  range.  At  the  time  of  this  writing,  data  on  the 
three  dimensional  source  locations  are  not  available  for  publication. 


INTRODUCTION 

The  present  interest  in  high  frequency  lightning  characterization  stems 
in  part  from  a  concern  over  an  increasing  susceptibility  of  modern  aircraft  to 
the  electromagnetically  coupled  effects  produced  by  lightning.  Aircraft  sus¬ 
ceptibility  is  expected  to  increase  with  the  use  of  composite  materials  and 
more  susceptible  microelectronics.  To  compound  the  susceptibility  problem, 
the  high  frequency  nature  of  the  lightning  event  is  not  as  yet  well  defined. 

For  example,  transients  arising  from  the  pre-attachment  stepped  leader  process 
or  nearby  interstroke  and  intracloud  processes  may  well  be  as  important  from  a 
coupling  standpoint  as  the  return  stroke  phase  itself.  It  is  of  increasing 
importance,  therefore,  to  obtain  a  more  refined  empirical  model  of  the  overall 
lightning  event  taken  from  an  appropriate  base  of  wideband  measurements. 

In  1979,  the  Air  Force  Wright  Aeronautical  Laboratories  began  a  joint 
flight  research  program  with  the  National  Oceanic  and  Atmospheric  Administra¬ 
tion  to  obtain  data  on  the  high  frequency  characteristics  of  lightning.  Objec¬ 
tives  of  the  1979  phase  of  the  program  were:  1)  develop  a  sensor/ instrumenta¬ 
tion  package  with  linear  response  and  recording  capabilities  in  the  0.1-20  MHz 
range,  2)  develop  a  ground  station  recording  system  capable  of  providing  three 
dimensional  locations  of  very  high  frequency  (VHF)  lightning  activity  with  an 
accuracy  of  ±  250  m  on  a  20  km  radius,  3)  obtain  wideband  airborne  data  on 
electric  and  magnetic  field  characteristics  associated  with  lightning  within  a 
20  km  range,  4)  obtain  and  compare  corresponding  wideband  aircraft  skin  current 
transients,  and  5)  correlate  ground  measurements  (VHF  source  location  and  elec¬ 
tric  field)  with  the  airborne  data  to  permit  field  scaling,  channel  reconstruc¬ 
tion,  and  isolation  of  important  coupling  events. 

At  this  writing,  the  source  location  data  were  being  analyzed  and 
correlated  with  the  airborne  data.  A  short  description  of  the  ground  station 
apparatus  and  the  approach  to  be  used  to  analyze  the  data  is  presented. 

*Revision  of  paper  8  in  NASA  CP-2128. 
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Construction  and  calibration  of  the  airborne  sensors  is  described  since  they 
have  not  been  used  in  any  previous  program  of  this  type. 


GROUND  STATION  DESCRIPTION 

The  ground  station  was  situated  at  Devil's  Garden,  Florida.  It  consisted 
of  two  separate  systems,  one  to  identify  the  discharge  phase,  the  other  to 
determine  the  three  dimensional  VHF  lightning  source  locations. 

Phase  Identification 

The  discharge  phase  was  identified  using  a  low  frequency  electric  field 
measuring  system  similar  to  that  described  by  Fisher  and  Uman  (ref.  1).  Two 
plate  antennas  and  three  separate  recording  channels  were  used  to  allow  linear 
sensing  over  the  80  db  dynamic  range  in  electric  field  levels  expected  within 
a  20  km  radius  of  the  site. 


VHF  Source  Location 

The  VHF  source  location  system  was  similar  in  concept  to  the  Lightning 
Detection  and  Ranging  (LDAR)  system  (ref.  2)  with  modifications  as  described 
by  Rustan(ref.  3).  The  system  used  provides  continuous  source  location  data 
based  on  differences  in  times  of  arrival  (DTOA)  of  the  lightning  pulses  at 
widely  separated  stations.  The  system  consisted  of  three  recording  stations 
and  a  central  site  positioned  in  a  Y  configuration  on  a  20  km  radius.  Two 
backup  recording  stations  were  placed  on  the  same  radius  to  provide  redundant 
data.  Antennas  at  each  site  consisted  of  four  folded  dipoles  oriented  to 
provide  circularly  polarized  omnidirectional  response.  The  antenna  outputs 
were  passed  through  a  6  MHz  bandpass  filter  centered  at  63  MHz.  An  envelope 
detector  and  a  logarithmic  amplifier  were  used  to  effectively  compress  fre¬ 
quency  and  dynamic  range  of  the  signal  to  within  limits  of  the  recorder.  A 
complete  description  of  the  time  domain  relationship  between  the  antenna  out¬ 
put  and  the  recorded  signal  has  been  published  by  Rustan  (ref.  3). 

The  processed  VHF  signals  received  at  each  site  were  recorded  on  separate 
modified  video  recorders  (in  contrast  to  the  LDAR  system  which  re-transmits  the 
signals  to  a  central  site) .  The  recorders  were  tuned  to  a  commercial  broadcast 
station  (Channel  11)  and  a  normal  video  recording  was  made  except  that  the 
luminance  portion  of  the  composite  video  signal  was  replaced  with  the  VHF  signal 
and  the  audio  portion  of  the  signal  was  replaced  with  a  demodulated  IRIG  B  time 
code  transmitted  from  the  test  aircraft  (see  fig.  1).  The  recording  system  was 
designed  to  operate  automatically  when  the  transmitted  IRIG  B  carrier  was 
detected  for  a  period  of  10  seconds. 

The  Timing  System 

To  provide  the  required  source  location  accuracy  of  ±  250  m,  the  data  from 
each  video  recorder  must  be  time  correlated  with  a  relative  error  no  greater 
than  ±  0.1  ys.  This  was  achieved  using  the  transmitted  IRIG  B  as  a  coarse 
absolute  time  reference  (common  to  all  airborne  and  ground-based  data)  in  com- 


2 


^ - -  *J-  .. — .  — 


T 


bination  with  the  vertical  and  horizontal  sync  pulse'-  detected  and  recorded 
from  the  composite  video  signal.  The  vertical  sync  pulse  (VSP)  occurs  every 
16.66  ms  and  was  used  to  identify  the  beginning  of  one  ’frame'  of  data  from 
one  of  the  two  rotating  video  record  heads.  The  fine  time  resolution  within 
a  given  frame  was  derived  from  the  chroma  reference  signal  (CRS) .  The  CRS  is 
a  3.58  MHz  signal  recorded  from  the  composite  video  signal  by  separating  and 
heterodyning  to  629  kHz.  The  phase  of  the  CRS  is  advanced  90  degrees  by  the 
occurrence  of  the  broadcast  horizontal  sync  pulse  every  65.1  ps.  By  passing 
the  CRS  through  a  band-reject  filter  centered  at  629  kHz,  the  periodic  phase 
shift  is  seen  on  playback  as  a  sharp  spike  occurring  nominally  every  65.1  ps. 
This  signal  was  also  used  to  correct  the  VHF  signal  for  minor  fluctuations  in 
headwheel  and  capstan  speed  inherent  in  the  recorders.  Figure  2  illustrates 
the  various  timing  pulses  reproduced  or  derived  from  the  data.  Data  from  the 
VHF  stations  were  digitized  and  time  correlated  using  the  signals  described. 
VHF  source  locations  were  then  calculated  for  selected  short  intervals  corres¬ 
ponding  to  the  airborne  recordings  using  the  waveform  correlation  techniques 
developed  by  Rustan  (ref.  3). 


AIRCRAFT  DESCRIPTION 
Sensors 

The  test  aircraft  was  fitted  with  two  single  axis  sensors  to  detect  free 
field  radiation  and  a  sensor  on  each  wing  to  detect  induced  skin  currents. 

The  sensors  were  placed  as  shown  in  figure  3.  The  free  field  sensors  were 
placed  on  the  symmetry  axis  of  the  aircraft  (forward  upper  fuselage)  to  reduce 
coupling  from  symmetric  resonances  on  the  aircraft  skin.  All  sensors  were 
designed  to  have  a  usable  bandwidth  of  at  least  20  MHz. 

The  vertical  component  of  the  incident  electric  field  E(t)  was  sensed  by 
a  parallel  plate  dipole  (PPD)  patterned  after  a  design  by  C.  Baum  (ref.  4). 

The  sensor  consisted  of  a  pair  of  0.2  m  diameter  concentric  plates  mounted  on 
opposite  sides  of  a  common  ground  plane.  Each  plate  was  loaded  with  an  80  ohm 
resistive  rod  in  series  with  a  50  ohm  cable  matching  resistance  which  served 
as  the  signal  pickoff  point.  This  configuration  resulted  in  a  balanced  100 
ohm  differential  output.  The  sensor  assembly  was  elevated  0.25  m  from  the 
fuselage  surface  and  enclosed  in  a  protective  fiberglass  fairing.  Equivalent 
height  of  the  sensor  (h  )  was  calculated  to  be  0.101  m.  Sensor  capacitance 
(C)  as  derived  from  refi?ence  4  was  7.1  pF.  The  equivalent  circuit  of  the 
sensor  is  shown  in  figure  4. 

The  C  parameter  in  figure  4  represents  the  total  stray  and  distributed 
capacitance  which  was  found  from  measurement  to  be  -  1.5  pF.  From  figure  4, 
the  output  voltage  of  the  sensor  can  be  written  as: 

vo(s)  =  -RLCheqsE(s)  (1) 

where  s  is  the  Laplace  transform  variable,  R^  is  the  load  resistance,  C  is  the 
sensor  capacitance,  and  heq  is  the  equivalent  height  of  the  sensor.  Equation 
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1  is  valid  provided  that: 


R  « 


1 

2ttC  f 


s  max 


and 


^max  2tiC(R+R^) 


(2) 


where  fMX  is  the  upper  frequency  of  interest.  With  the  values  given,  these 
conditions  are  satisfied  for  f  _<  20  MHz.  Within  this  frequency  range,  the 
sensor  responds  to  the  time  rate  of  change  of  the  electric  field  with  a  sensi¬ 
tivity  constant  Kg  given  by: 

K  =  RCh  -  7.17  x  10~u  ,,, 

E  eq  v  (3) 


Since  the  effects  of  the  sensor  mounts  and  enclosure  were  not  easily  cal¬ 
culated,  the  entire  apparatus  was  tested  in  a  50  ohm  parallel  plate  trans¬ 
mission  line  to  derive  Kg.  A  continuous  wave  (CW)  test  was  performed  using  a 
sinusoidal  signal  ranging  in  frequency  from  0.1  to  15  MHz  as  input  to  the 
transmission  line.  Kg  was  then  calculated  from  the  following  time  domain 
equivalent  of  equation  1: 


For  sinusoidal 
be  written  as: 


.  /..s  r>  nu  dE  ,,  dE 

Vo(t)  -RLCheq  dt  =  ~KE  dt 


(4) 


excitation  in  the  derivative  band  of  the  sensor,  equation  4  can 


v  (t)  =  -KP  u>  A  sin  (tot) 
O  k 


(5) 


where  A  is  the  peak  amplitude  of  the  input  sinusoid  and  to  is  the  radian  fre¬ 
quency.  When  peak  readings  are  taken,  equation  5  can  be  rewritten  as: 


(6) 


Kg  was  found  to  be  4.32  x  10  ^  V-s-m/V  from  the  CW  test,  and  this  was  the 
value  used  in  the  data  analysis. 


The  incident  magnetic  field  sensor  consisted  of  a  one  conductor  multi-turn 
loop  patterned  after  a  design  by  C.  Baum  (ref.  5).  The  sensor  was  a  split 
copper  cylinder,  0.635  m  in  diameter,  wrapped  with  trlaxial  cable  to  yield  an 
effective  4  turn  loop  with  an  equivalent  area  Agq  of  0.051  m^.  Sensor  induc¬ 
tance  of  0.71  y H  was  found  from  tables  developed  by  C.  Baum  (ref.  5).  From  the 
equivalent  circuit  shown  in  figure  5,  the  sensor  output  voltage  in  the  complex 
frequency  domain  is  given  by: 


provided  that: 


Rl  »  Rg 


f  <  RL 
imax  _ 


For  the  values  given,  the  self-integrating  frequency  of  the  sensor  (Rl/2ttL)  is 
marginally  greater  than  the  20  MHz  limit  of  interest.  The  sensitivity  con¬ 
stant  for  the  sensor  is  simply: 

Kg  =  Aeq  *  0.051  V-s/T  (9) 

This  constant  was  verified  to  within  ±  5%  in  the  parallel  plate  transmission 
line,  using  the  CW  test  technique  described  earlier. 

The  two  skin  current  sensors  each  consisted  of  a  shielded,  two  turn 
rectangular  half  loop  (0.027  m  high,  0.305  m  long)  mounted  directly  on  a  remov¬ 
able  aircraft  skin  panel.  Sensor  output  was  taken  from  the  underside  of  the 
panel  into  a  short  100  ohm  twinaxial  cable.  From  the  loop  dimensions,  the 
sensor's  equivalent  area  was  calculated  to  be  0.0165  m^.  The  approxiamte  loop 
inductance  was  calculated  to  be  2.7  pH  from  (ref.  7): 


L  =  n  pQ(b+d) 


bd 

a(b+d) 


-  +  0. 25^j 


where  n  is  the  number  of  loop  turns,  b  and  d  are  the  rectangle  dimensions,  a 
is  the  shield  radius  and  pQ  is  the  free  space  permeability. 

From  Ampere's  law  and  Faraday's  law  of  induction,  the  induced  loop  volt¬ 
age  at  the  sensor  output  v^(t)  is  related  to  the  time  derivative  of  the  surface 
current  density  Js  on  the  panel  by: 

v.(t>  -  -y0AeqJs  (id 


where  the  assumption  is  made  that  negligible  flux  penetrates  the  underside  of 
the  panel. 

The  sensor  equivalent  circuit  is  identical  to  the  magnetic  field  circuit 
in  figure  5  with  the  voltage  v-^(t)  given  by  equation  11.  The  Laplace  transfer 
function  for  the  sensor  (assuming  rs  <<  R^)  is  given  by: 


v  (s)  *  -K.J(s) 

O 


s 

S  +  R/L 
■  • 
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where: 

KJ  =  M0  Aeq  a  0.723  A/ra-V 

L  (13 

The  condition  (f^  <<  Rl/2ttL)  from  equation  8  is  not  met  as  was  the  case 
with  the  magnetic  field  sensor,  hence  the  's  +  Rl/L'  term  must  be  retained  in 
equation  12.  The  resulting  time  domain  relation  between  the  sensor  output  and 
the  surface  current  density  is  therefore: 


Kj  vo(t)  +  ^  f  v0(t)dt 

-*  ho¬ 


using  this  relation,  the  Kj  parameter  was  verified  within  ±  5%  from  a  CW  test 
similar  to  the  one  already  described  for  the  electric  field  sensor. 

The  transient  response  characteristics  of  the  sensors  were  verified  in  the 
50  ohm  parallel  plate  transmission  line  using  a  13.5  V,  12  ns  rise  step  as  the 
input.  Figure  6  shows  the  step  input  and  the  corresponding  response  of  each  of 
the  sensors.  The  frequency  response  plots  shown  in  figure  6  were  derived  by 
computing  the  log  magnitude  of  the  Fourier  transform  of  the  derivative  of  each 
sensor  output  (a  valid  technique  as  long  as  the  excitation  function  is  a  good 
step  approximation;  i.e.  tr  £  15  ns  for  20  MHz). 

Recording  Equipment 

Each  sensor  output  was  routed  via  a  short  twinaxial  cable  to  a  shielded, 
battery-operated  fiber  optic  link  which  in  turn  was  connected  to  parallel  digi¬ 
tal  and  analog  recording  systems.  The  digital  recording  system  consisted  of 
four  Biomation  8100  digital  transient  recorders  which  provided  threshold  trigger¬ 
ed  records  (2048  samples,  10  ns  sample  interval)  of  each  sensor  output.  The 
digital  records,  together  with  the  acquisition  time  and  aircraft  position,  were 
stored  on  flexible  disk.  The  analog  recording  system  was  a  multi-channel  analog 
recorder  with  a  bandwidth  of  400  Hz  to  150  kHz.  The  continuous  analog  record 
was  required  to  identify  the  particular  event  in  the  discharge  process  which 
triggered  the  digital  system. 

The  instrumentation  was  protected  from  internal  transients  and  power  supply 
surges  through  the  use  of  metal  enclosures,  solid-state  transient  suppressors 
and  power  supply  isolation  filters.  A  block  diagram  of  the  instrumentation  is 
shown  in  figure  7. 

Timing 

The  time  reference  for  the  entire  recording  system  was  taken  from  the  IRIG 
B  time  code  generated  on-board  the  aircraft.  The  time  code  was  also  transmitted 
to  the  various  ground  sites  to  permit  time  correlation  between  the  air  and 
ground  data.  Resolution  of  the  IRIG  B  time  code,  typically  limited  to  ±  0.5  ms 
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will  be  improved  to  ±  10  ps  using  correlation  techniques  on  the  code  waveform 
after  correction  for  propagation  delays. 


PROCEDURE 

Prior  to  each  flight,  functional  tests  were  performed  with  small  loop  and 
dipole  antennas  driven  by  a  signal  generator  to  insure  integrity  of  the  sensor, 
optic  system,  and  recorders.  Sensor  outputs  were  stored  and  compared  daily  for 
any  significant  variation  in  signal  amplitude  or  response  characteristics. 

Every  two  weeks,  sensor  cabling  was  disconnected  and  a  signal  injected  directly 
into  the  fiber  optic  transmitter  to  insure  that  the  cable  insertion  losses  re¬ 
mained  approximately  constant.  Analog  tapes  were  stripped  and  degaussed  before 
each  flight. 

Flights  were  typically  two  hours  in  duration  and  were  taken  in  the  early 
afternoon  when  storm  activity  was  verified  over  the  ground  site.  The  aircraft 
was  flown  in  a  40  km  clockwise  rectangular  pattern  around  the  central  site  at 
a  nominal  altitude  of  4  km.  The  aircraft  was  restricted  from  penetrations  into 
developed  storm  cells  although  many  flights  were  taken  into  heavy  precipitation 
areas  surrounding  the  cell  area. 

Data  from  the  digital  system  were  stored  only  when  a  return  stroke  was 
visually  verified  by  one  of  the  aircraft  observers  or  when  a  direct  strike 
appeared  to  have  occurred.  When  a  nearby  strike  was  observed,  the  approximate 
range  and  azimuth  were  noted  for  later  verification  of  position  data. 


RESULTS 

Data  were  obtained  from  7  flights  in  the  immediate  vicinity  of  the  ground 
station  during  the  period  from  17  August  to  28  September  1979.  Data  from  43 
visually  verified  cloud-ground  return  strokes  were  recorded  on  the  airborne 
analog/digital  system  and  on  the  VHF  source  location  system.  Data  from  the  low 
frequency  electric  field  antenna  site  were  not  usable  this  year  due  to  operation 
difficulties.  It  is  anticipated  that  phase  identification  can  still  be  accomp¬ 
lished  from  *"he  low  frequency  airborne  data.  Data  were  also  recorded  on  two 
separate  events  believed  to  have  occurred  immediately  prior  to  direct  aircraft 
strikes.  The  direct  strike  assumption  was  verified  by  pilot  report  and  attach¬ 
ment  evidence  on  the  aircraft  radome.  At  this  time  however,  the  actual  phase 
of  the  discharge  which  was  recorded  is  not  known.  To  date,  the  only  data 
analyzed  in  detail  are  the  high  frequency  airborne  recordings.  The  following 
results  are  therefore  presented  without  benefit  of  phase  identification  or 
accurate  source  location. 

The  high  frequency  recordings  were  grouped  into  three  general  categories: 
first  return  stroke,  subsequent  return  strokes,  and  unidentified.  The  last 
category  arises  from  the  substantial  number  of  waveform  which  were  of  the  same 
approximate  peak  amplitude  as  the  return  stroke  data  but  were  isolated  and 
impulse-like  with  total  duration  times  on  the  order  of  100-200  ns  and  were 
devoid  of  any  of  the  classic  return  stroke  waveshape  characteristics. 
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First  And  Subsequent  Stroke  Characteristics 

The  return  stroke  waveforms  were  classified  as  first  or  subsequent  based 
on  the  characteristics  discussed  by  Weidman  and  Krider  (ref.  8).  Figure  8 
shows  typical  first  and  subsequent  return  stroke  electric  field  waveforms 
taken  from  the  data.  The  first  stroke  is  characterized  by  a  slowly  rising 
(1  to  3  ps)  concave  front  (F  in  fig.  8a)  sometimes  followed  by  an  abrupt  fast 
transition  to  peak  portion  (R  in  fig.  8a)  lasting  on  the  order  of  100-700  ns. 
Subsequent  strokes  are  further  characterized  by  the  absence  of  a  slow  front 
portion  and  the  relatively  smooth  and  structureless  subsidiary  peaks  (a,b,c  in 
fig.  8b)  compared  to  those  of  the  first  strokes. 

Front  And  Fast  Transition  Times 

The  10-90%  rise  time  was  calculated  for  the  fast  transition  portion  (R) 
of  the  first  stroke  waveforms.  Average  R  for  22  waveforms  was  390  ns.  For 
comparison,  the  average  front  plus  fast  transition  time  (F+R)  was  found  to  be 
2.2  ps.  Relative  distributions  of  the  two  rise  times  are  shown  in  figure  9. 
Based  on  the  criteria  described  earlier,  four  electric  field  waveforms  were 
classified  as  subsequent  strokes.  Average  10-90%  fast  transition  time  for 
these  strokes  was  550  ns.  The  peak  electric  and  magnetic  field  levels  record¬ 
ed  ranged  from  13  to  146  V/m  and  0.017  to  0.145  A/m  respectively,  indicating 
an  approximate  distance  from  the  aircraft  of  5  to  50  km  (ref  9). 

The  average  fast  transition  time  quoted  for  both  first  and  subsequent 
return  strokes  are  approximately  two  times  slower  than  those  reported  by 
Weidman  and  Krider  (ref.  8) .  The  discrepancy  is  probably  due  to  several 
factors.  First,  the  50  ns  resolution  claimed  for  direct  interpretation  of 
oscilloscope  photographs  may  be  in  error  since  this  translates  to  a  horizontal 
axis  distance  of  only  0.25  mm  assuming  a  10  cm  scope  face  and  20  ps  sweep. 

The  rise  times  in  this  report  were  computer  calculated  from  the  digitized  re¬ 
cord  and  have  a  maximum  resolution  of  two  times  the  sample  interval,  or  approx¬ 
imately  20  ns  on  a  20  ps  record.  Second,  the  rise  times  in  this  report  were 
not  corrected  for  the  HF  propagation  losses  over  land  which  was  not  a  factor 
in  Weidman  and  Krider 's  data  since  the  propagation  was  over  salt  water.  Third, 
and  probably  most  importantly,  no  standard  method  exists  for  defining  the 
beginning  of  the  F  and  R  waveform  transition  points. 

Rise  Time  Calculation  Procedure 

In  this  paper,  a  consistent  method  was  adopted  in  which  the  F  and  R  points 
were  defined  by  the  intersection  point  of  two  straight  lines  whose  slopes  were 
given  by  the  best  fit  straight  line  through  two  waveform  segments  chosen  well 
away  from  the  waveform  transition  areas.  Figure  10  illustrates  the  method 
using  a  first  stroke  waveform  where  the  F  and  R  points’  are  marked  by  triangles 
and  the  corresponding  best  fit  lines  are  shown  dashed.  In  the  data  presented, 
the  best  fit  lines  were  computer  calculated  using  the  method  of  least  squares 
but  a  graphic  approximation  would  be  adequate  in  most  cases. 
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Rise  Times  and  Aperture  Coupling 


From  a  standpoint  of  developing  a  good  model  of  the  aircraft/lightning 
interaction,  at  least  during  the  direct  attachment  return  stroke  phase,  the 
importance  of  accurate  radiation  field  rise  times  cannot  be  overemphasized. 
As  evidence  of  this,  consider  the  above  ground  field  equations  developed  by 
Uman  et  al.  (ref  10),  which  describes  the  time  derivative  of  the  magnetic 
field  dB(t)/dt  at  an  altitude  z,  slant  range  R,  and  horizontal  range  r  from 
the  idealized  return  stroke: 


dB(t)  =  Mov(t)  r 
dt  4rrR  R2 


i(Z,t-R/c) 


__r  3i(Z,  t-R/c) 

cR 


Image  Terms 


(15) 


where  v(t)  is  the  vertical  stroke  velocity  (assumed  constant),  c  is  the  speed 
of  light  and  Z  is  the  dipole  height  above  the  ground  plane.  The  image  term  is 
given  by  substituting  the  image  slant  range  Rj  and  image  height  - Zj  for  R  and 
Z  respectively  into  the  first  term  in  equation  16.  If  r  >  3(Zj  +  z) ,  the 
image  term  contribution  is  approximate  '  equal  to  the  source  term,  and  the 
Laplace  transform  of  equation  15  (omitting  the  phase  delay  term  due  to  the 
retarded  time)  is: 


(16) 


From  equation  16,  it  is  apparent  that  the  return  stroke  current  is  approxi¬ 
mately  proportional  to  the  radiation  component  of  the  magnetic  field  provided: 

R  >  3(ZT  +  z)  and  f  .  »  c/2iTr 

I  mm  (17) 

where  fmin  is  the  minimum  frequency  of  interest. 


Now  consider  further  the  aircraft  involved  in  the  return  stroke  phase  of 
a  lightning.  After  entry  and  exit  points  have  been  established,  the  channel 
discontinuities  caused  by  the  aircraft  are  small  and  the  return  stroke  current 
passes  through  the  aircraft  essentially  unperterbed.  The  return  stroke  current 
i(t)  results  in  an  average  magnetic  field  tangential  to  a  small  aperture  and  an 
electric  field  normal  to  the  aperture  given  by: 

hT(t)  =  i(t)/2TTrave  and  e^t)  =  p(t)/eQ  (18) 


where  rave  is  the  average  equivalent  radius  of  the  principal  conducting  element 
(i.e.  wing,  fuselage),  p(t)  is  the  time  varying  charge  density,  and  eQ  is  the 
permittivity  of  air.  As  discussed  by  Cabayan  (ref.  11),  the  fields  interior  to 
the  aperture  are  proportional  to  the  exterior  fields  as  follows: 
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where  the  primed  quantities  refer  to  the  interior  fields  and  R  is  the  distance 
away  from  the  aperture  as  shown  in  figure  11.  Thus,  the  aperture  coupled 
fields  on  the  aircraft  are  dependent  not  only  on  the  stroke  current  but  also 
on  its  first  and  second  derivatives,  and  the  importance  of  accurate  return 
stroke  rise  time  definition  becomes  evident.  Of  course,  the  rise  time  can  only 
be  used  to  calculate  an  average  derivative.  To  the  extent  that  the  return 
stroke  average  derivative  varies  from  its  true  instantaneous  derivative,  the 
expected  aperture  coupled  fields  will  be  in  error.  Thus  from  a  coupling  stand¬ 
point,  the  best  rise  time  calculation  is  that  which  provides  derivatives  agree¬ 
ing  most  closely  with  the  instantaneous  derivative. 

Peak  and  Average  Derivatives 

A  comparison  was  made  between  the  peak  instantaneous  derivative  (Dp) 
taken  from  the  unintegrated  record  and  the  average  derivatives  calculated  from 
the  F+R  intervals  (DF+R)  and  the  R  interval  only  (DR)  taken  from  the  integrated 
initial  stroke  record.  From  a  15  waveform  sample,  the  following  average 
results  were  obtained: 


Dp  -  7.9  Df+r 


Dp  =  2.3  DR 


These  averages  agree  well  with  the  work  of  Weidman  and  Krider  (ref.  8)  who 
estimated  peak  derivative  values  3  to  10  times  faster  than  those  inferred  by 
straight  line  approximation.  The  distribution  of  Dp  taken  from  23  unintegrated 
electric  field  records  is  shown  in  figure  12  where  the  values  have  been  normal¬ 
ized  to  100  km.  (ref.  12).  Again,  the  average  Dp  of  20.3  V/m-ps  at  100  km  are 
in  very  close  agreement  with  the  estimates  by  Wexdman  and  Krider  (ref.  8).  The 
fast  transition  derivative  DR  is  evidently  a  reasonable  approximation  to  the 
peak  derivative  while  the  DR+R  derivative  is  definitely  not  suitable  for  accu¬ 
rate  estimation  of  the  peak  return  stroke  derivative. 


Peak  Return  Stroke  Derivatives 

Given  the  average  observation  distance  of  20  km  and  the  short  record 
length  of  20  ps,  the  conditions  given  in  equation  17  were  satisfied  for  the 
data  obtained,  and  the  Dp  values  were  used  to  infer  peak  return  stroke  current 
derivatives  from  the  time  domain  equivalent  of  equation  16: 

di(t)  _  2tttc  |dE(t)1 

dt  ■  vzG  pr~j 

where  ZG  is  the  free  space  impedance  (377  ohms),  and  the  quantity  (l/pQ  x  B(s)) 
has  been  replaced  in  equation  16  with  the  radiation  field  equivalent  term 
(1/Z0  x  E(s)).  If  the  return  stroke  velocity  v(t)  is  assumed  constant  at  1x10® 
m/s  (Uman,  ref.  10),  the  peak  return  stroke  derivative  inferred  from  equation 
21  ranged  from  30  to  150  kA/ps  with  an  average  value  of  100  kA/ps. 

Unidentified  Waveforms 

As  mentioned  earlier,  a  substantial  number  of  waveforms  were  recorded 
which  could  not  be  identified  as  return  stroke  fields.  The  acquisition  time  of 
these  data  correspond  (approximately)  in  time  to  visual  reports  from  the 
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aircraft  observers  of  cloud-ground  or  intracloud  discharges.  Range  estimates 
to  the  discharge,  based  on  these  reports,  vary  from  6  to  15  km.  At  these 
ranges,  a  preliminary  breakdown  process  may  have  had  sufficient  field  strength 
to  overcome  the  threshold  trigger  level  on  the  digital  recording  system.  The 
unidentified  data  were  pulse-like  in  nature  with  peak  amplitudes  in  the  same 
range  as  the  return  stroke  data  (10-100  V/m) ,  with  pulse  rise  times  varying 
from  300  ns  to  40  ns  (or  less) .  Figure  13  illustrates  a  time-correlated  set  of 
pulse  waveforms  taken  form  the  free  field  and  skin  current  sensors.  A  more 
complete  analysis  of  the  skin  currents  and  pulse  data  will  be  made  when  phase 
and  source  location  data  are  available. 


CONCLUSIONS 

This  report  presents  the  first  results  obtained  from  a  planned  three  year 
research  effort  to  study  the  high  frequency  characteristics  of  lightning.  The 
conclusions  reached  thus  far  are  summarized  below. 

Accurate  measurement  of  the  peak  return  stroke  current  derivatives  are 
important  in  simulating  aperture  coupled  fields  on  the  aircraft.  The  peak 
return  stroke  derivatives  inferred  from  the  electric  field  derivative  record 
ranged  from  30  to  150  kA/ps  with  an  average  value  of  100  kA/ps.  The  average 
front  plus  fast  transition  rise  time  (10-90%)  for  22  initial  strokes  was  2.2 
ps.  The  peak  current  derivatives  inferred  from  this  rise  time  were  an  average 
of  approximately  8  times  lower  than  the  true  instantaneous  derivative.  The 
average  rise  time  for  the  fast  transition  portion  only  was  390  ns  which  yielded 
a  much  more  reasonable  estimation  of  peak  current  derivative,  averaging  approx¬ 
imately  two  times  lower  than  the  true  instantaneous  derivative.  The  electric 
field  peak  derivatives  averaged  20.3  V/m-ps  when  normalized  to  100  km.  This 
value  is  in  good  agreement  with  the  estimates  of  Weidman  and  Krider  and  lends 
further  support  to  the  calculated  return  stroke  derivative  values. 

Unidentified  puJses  were  recorded  which  had  peak  magnitudes  of  10-100  V/m 
and  rise  times  ranging  from  300  ns  to  40  ns  (or  less) .  The  pulses  were  record¬ 
ed  during  visually  confirmed  flashes.  The  high  frequency  characteristics  of 
these  data  may  present  a  significant  coupling  source  to  the  aircraft  and  will 
be  investigated  further. 
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Figure  6.  Sensor  Response  Characteristics 
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Figure  7 .  Airborne  Instrumentation  Diagram 
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Figure  9.  Distribution  of  First  Stroke  Risetimes  :  (a)  Fast  Transition 
Time  Only,  and  (b)  Fast  Transition  Plus  Slow  Front. 


Figure  11.  Aperture  Geometry 
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Figure  12.  Distribution  of  Peak  Electric  Field  Derivatives  Normalized  to 
100  km. 
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Figure  13.  Typical  Electric  and  Magnetic  Field  Pulse  Waveforms  and 
Corresponding  Induced  Aircraft  Skin  Current 


EXPERIMENTAL  RESOLUTION  OF  SYSTEM  RESONANCES 
PRODUCED  BY  SIMULATED  LIGHTNING  EXCITATION 

J.  E.  Lenz,  D.  W.  Clifford  and  W.  G.  Butters 
McDonnell  Aircraft  Company 
McDonnell  Douglas  Corporation 
St.  Louis,  Missouri 

ABSTRACT 

Laboratory  studies  of  the  electromagnetic  response  of  aircraft-type  structures  to  lightning-type  ex¬ 
citations  reveal  that  the  response  is  in  the  form  of  damped  sinusoidal  waveforms  containing  frequency 
components  which  can  be  related  to  specific  geometrical  properties  of  the  test  article  and  other  ele¬ 
ments  of  the  test  circuit.  Measurements  were  made  of  high-frequency  skin  currents  on  a  long  cylin¬ 
drical  test  object  whose  length  could  be  varied  in  2.5  m  increments.  EMP-type  B-dot  sensors  were 
used  to  make  the  measurements  with  the  cylinder  initially  hard-wired  into  the  high-voltage  generator 
circuit.  The  cylinder  was  then  isolated  from  the  test  circuit  by  using  long  sparks  to  complete  the 
circuit  from  the  generator,  through  the  cylinder,  to  ground.  In  the  final  case,  skin  currents  were  set 
up  by  radiated  E-field  excitation  of  the  cylinder.  Fourier  transforms  of  the  measured  skin  currents 
showed  that  in  the  first  two  cases  the  resonance  peaks  related  to  the  length  of  the  cylinder  were 
overshadowed  by  resonance  peaks  related  to  the  test  circuit  configuration.  This  paper  will  present 
the  results  of  these  experiments  and  will  discuss  the  implications  for  lightning  testing  of  vehicle 
avionics  systems. 

Introduction 

During  simulated  lightning  tests  of  full-scale  aircraft  or  large  aircraft  structural  components,  it 
has  been  observed  that  the  transient  signals  measured  on  internal  wiring  exhibit  damped  sinusoid 
components  with  frequencies  characteristic  of  the  circuits’  physical  configuration. 1  It  was  assum¬ 
ed  that  the  circuits  were  being  excited  by  simulated  lightning  return  stroke  currents  flowing  on  the 
aircraft  skin.  Tests  on  an  isolated  cylinder  showed  that  transients  on  internal  circuits  could  be  excited 
by  fast-changing  E-fields  irradiating  the  structure  or  by  high-voltage  streamer  attachment  to  the 
cylinder  prior  to  the  arrival  of  the  return  stroke  current  pulse. Regardless  of  the  excitation 
source,  the  induced  oscillatory  transients  on  the  internal  wires  did  not  change  in  frequency  although 
the  amplitude  varied  with  different  excitation  sources. 

Observation  of  the  primary  discharge  current  waveforms  usually  indicate  the  presence  of  high- 
frequency  resonances  superimposed  on  the  low-frequency  driving  current.  Analyses  of  other  test 
results^  indicated  that  test  circuit  parameters  other  than  the  aircraft  could  influence  the  skin  cur¬ 
rents.  In  addition,  it  was  desired  to  know  what  degree  of  impedance  mismatch  might  be  produced 
by  using  long  sparks  to  complete  the  discharge  circuit  rather  than  hard-wiring  the  generator  to  the 
test  article.  This  information  could  help  deduce  the  corresponding  modification  to  aircraft  resonances 
resulting  from  the  long  lightning  arc  channel  attached  to  the  aircraft.  Attempts  to  calculate  transients 
induced  on  internal  circuits  require  a  good  understanding  of  the  currents  flowing  on  the  exterior 
skin  of  the  structure.  For  these  reasons,  it  was  decided  to  conduct  a  series  of  tests  concentrating  on 
the  measurement  of  skin  currents  as  the  test  circuit  parameters  and  excitation  mode  were  varied 
from  the  hard-wired  case,  to  the  arc-attachment  case,  and  finally  the  radiated-excitation  case. 

Experimental  Arrangements 

The  experimental  setup  has  been  described  previously^  and  is  shown  photographically  in  Figure  1. 
The  1 .6-MV  generator  used  as  the  lightning  simulator  is  shielded  from  the  test  cylinder  electro¬ 
statically  to  reduce  spurious  excitation  of  the  cylinder  by  fields  radiated  from  the  generator. 

The  current  on  the  surface  of  the  cylinder  was  measured  at  two  points,  using  Model  MGL-S74 
B-dot  sensors.  These  sensors  have  a  sensitivity  of  0.1  mV/Tesla/sec  and  a  frequency  response  of 
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1800  MHz.  The  output  of  the  skin  current  sensor  is  converted  into  an  optical  signal  at  the  cylinder 
and  is  transmitted  to  the  shielded  screen  room  via  fiber  optics.  Inside  the  screen  room,  the  optical 
signal  is  converted  back  into  an  electrical  signal  and  is  stored  in  the  memory  of  a  Biomation  Model 
8100  or  Model  6500  transient  digital  recorder.  The  resulting  data  are  transferred  to  magnetic  tape 
for  permanent  storage  or  for  processing  on  the  laboratory  computer.  The  computer  converts  the 
data  to  the  frequency  domain  using  a  Fourier  transform  algorithm  and  then  feeds  it  to  an  X-Y 
plotter  for  display.  The  frequency  response  of  the  system  is  currently  limited  by  the  fiber  optic 
units  which  have  a  bandwidth  to  approximately  20  MHz.  Higher  frequency  units  are  being  prepared 
for  future  use. 


FIGURE  1 

PHOTOGRAPH  OF  TEST  SETUP 


Experimental  Program 

During  the  experimental  program,  the  cylinder  was  excited  first  by  passing  a  current  pulse  from 
the  high-voltage  generator  through  the  cylinder  which  was  hard-wired  to  the  generator  and  to  ground. 
The  connecting  wires  were  then  removed  and  one-meter  sparks  were  used  to  connect  the  generator 
output  probe  to  the  cylinder  and  to  connect  the  cylinder  to  ground.  Third  step  was  to  irradiate  the 
cylinder  by  triggering  the  generator  with  a  long  wire  extended  parallel  to  the  cylinder  about  two 
meters  above  it  while  the  cylinder  was  ungrounded.  The  series  was  then  repeated  as  the  length  of  the 
cylinder  was  varied  in  2.5-meter  (8-foot)  increments.  In  each  case,  the  skin  current  was  measured 
at  two  points  on  the  cylinder.  One  measurement  was  made  at  the  generator  end  of  the  cylinder  and 
the  other  at  the  longitudinal  midplane. 


22 


A  schematic  of  the  hard-wire  test  case  and  the  excitation  waveform  is  shown  in  Figure  2.  This 
is  labeled  a  hard-wired  test  because  there  are  no  sparks  to  the  cylinder,  only  a  direct  current  path 
through  it.  The  current  waveform  is  measured  with  a  current  transformer  at  the  base  of  the  cylinder 
which  is  also  used  as  the  trigger  for  the  transient  recorders.  Some  evidence  of  circuit  reflections  can 
be  seen  on  the  current  waveform. 
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FIGURE  2 

SCHEMATIC  OF  HARD  WIRE  TEST  AND  EXCITATION  WAVEFORM 
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Figure  3  shows  a  schematic  of  the  double  arc  test  and  the  corresponding  excitation  waveform 
measured.  In  this  case,  a  more  complex  excitation  waveform  is  involved,  as  discussed  in  Reference  4. 
At  the  instant  voltage  is  applied  to  the  output  electrode,  the  isolated  cylinder  is  irradiated  by  a 
rapidly  changing  E-field.  A  few  microseconds  later,  streamers  from  the  output  probe  contact  the 
cylinder  and  charge  it  up  to  the  output  voltage  of  the  generator.  A  short  time  later  the  cylinder  is 
grounded  by  the  lower  spark  and  the  current  waveform  shown  in  Figure  3  is  recorded.  In  order  to 
observe  the  lower  energy  high-frequency  resonance  peaks,  the  ground  spark  was  taken  off  the  same 
end  of  the  cylinder  as  the  generator  spark.  The  source  and  frequency  of  the  reflections  will  be 
discussed  later. 
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FIGURE  3 

SCHEMATIC  OF  DOUBLE  SPARK  TEST  AND  EXCITATION  WAVEFORM 


In  the  third  case,  the  test  schematic  and  excitation  source  are  shown  in  Figure  4.  This  case  is 
called  an  induced  test  because  the  cylinder  is  not  part  of  the  main  current  path  circuit  so  that  any 
currents  recorded  on  the  cylinder  are  induced  by  transient  charge  on  the  wire.  The  excitation  wave¬ 
form  shown  in  Figure  4  is  the  electric  field  from  the  wire. 
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FIGURE  4 

SCHEMATIC  OF  INDUCED  WIRE  TEST  AND  EXCITATION  WAVEFORM 
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In  each  case,  the  output  of  the  B-dot  sensors  can  be  related  to  the  current  Bowing  in  the  cylinder. 
The  relationship  between  the  magnetic  field  (B)  and  current  (1)  flowing  in  a  nonmagnetic  cylinder  ot 

Mo1 

radius  r_  is:  B  - - 

°  2*  rG 

The  output  from  the  B-dot  sensors  fits  a  numerical  expression  of 


=  Ae  ( B  cos  co  t  +  C  sin  ca  t ) 
dt 


for  a  single  resonance. 


Integrating  B(t )  =  Are  (Cco  cos  go  t  -  Bco  sin  to  t ) 

thus,  from  above  I(t)  =1! _ 2.  Are-1/7  (Cco  cos  cot  -  Bco  sin  cot) 

Mo 

Most  important  for  this  paper  is  that  the  resonant  frequencies  and  damping  coefficients  from  the 
B-dot  sensors  are  the  same  as  that  for  the  current  transients  along  the  cylinder. 


Experimental  Results 

Hard-wire  Case  -  Each  test  configuration  was  investigated  for  current  resonances.  The  variation  of 
these  resonances  was  followed  as  the  cylinder  length  was  varied.  Figure  5  shows  the  output  from 
the  skin  current  sensor  placed  at  the  midpoint  on  a  ten-meter  cylinder  during  a  hard-wire  test 
(Figure  2).  The  placement  of  the  sensor  along  the  cylinder  during  this  hard-wire  test  configuration 
(i.e.,  at  either  end  or  center)  has  no  effect  on  the  measured  waveform.  During  this  testing,  two  peaks 
were  predominate  in  the  data.  One  is  a  low-frequency  resonance  near  300  kHz,  and  another  is  near 
four  MHz.  Data  corresponding  to  a  zero  length  cylinder  were  taken  by  running  a  straight  wire  from 
the  generator  output  directly  to  ground,  thus  excluding  the  cylinder  from  the  circuit.  These  two 
resonances  are  plotted  as  a  function  of  cylinder  length  in  Figure  6.  The  lower  frequency  is  readily 
seen  to  be  the  total  circuit  resonance.  It  should  be  noted  that  the  Fourier  transform  is  normalized 
to  the  strongest  peak.  Therefore,  higher  frequency  components  could  be  present,  but  not  evident. 

The  lower  frequency  can  be  predicted  from  RLC  circuit  theory,  as  shown  in  Figure  7.  The  general 
solution  for  the  current  in  this  circuit  is 

I(t)  =  IQe  .  (A  cos  wt  +  B  sin  wt)  where  r  =-^~  and  w  =  2wf  =  v  1  /LC  -  R“/4L“ 

Using  the  values  of  the  circuit  components  shown  in  Table  1 ,  the  circuit  is  underdamped,  and  the 
damping  factor  (t)  and  the  resonant  frequency  (f)  agree  with  the  measured  data.  The  cylinder  adds 
a  small  inductance  to  the  circuit  which  varies  only  slightly  with  cylinder  length.  This  underdamped 
waveform  was  used  rather  than  a  double  exponential  waveform  simply  to  provide  a  more  graphic 
demonstration  of  the  relative  frequencies  involved  in  this  type  of  test. 

After  some  investigation,  it  was  determined  that  the  higher  frequency  resonance  evident  in  this 
data  is  characteristic  of  the  high-voltage  generator  which  is  a  rather  high  inductance  system.  A  hard 
wire  test  was  done  with  a  different  (low  inductance)  generator  substituted  and  only  the  low-frequency 
total  circuit  resonance  was  evident.  Thus,  this  higher  resonance  is  characteristic  of  the  external  cir¬ 
cuit  configuration  used  during  the  testing.  The  linear  variation  of  this  resonance  with  cylinder  length 
can  be  attributed  to  increasing  loop  inductance. 
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Resonant  Frequency  -  MHz 


FIGURE  6 

CURRENT  RESONANCES  ON  CYLINDER  DURING  HARD  WIRE  TEST 


FIGURE  7 

EQUIVALENT  CIRCUIT  DURING  HARD  WIRE  TEST 
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TABLE  1 

VALUES  OF  CIRCUIT  COMPONENTS 


Generator  Capacitance 

C  =  6060  pf 

Circuit  Inductance 

LT=Lgen  +  Lloop  =  46-3^h 

Damping  Resistor 

R  =  22  n 

Inductance  Due  to  Cylinder 

^  _  fO-Straight  Wire 

L  \3. 3  juh-Cylinder  in  Circuit 

(1 )  Circuit  is  underdamped 

(2)  Damping  factor  T  =4.2^sec 

(3)  Resonant  Frequency  f  =  1  / 27T  \AlC  = 


{ 


300KH*  Straight  Wire 
290KHz  Cylinder  in  Circuit. 


Double  Arc  Case  -  Data  from  a  double  arc  test  (Figure  3)  on  a  ten-meter  cylinder  are  shown  in  Figures 
8  and  9  with  the  corresponding  Fourier  transforms.  The  ground  spark  was  located  at  the  same  end 
as  the  attach  spark,  so  that  the  total  circuit  current  did  not  appear  as  skin  current  in  this  series.  In 
Figure  8,  the  skin  current  sensor  placement  is  near  the  arc  attach  point  on  the  cylinder,  and  in 
Figure  9,  the  skin  current  sensor  placement  is  near  the  cylinder's  longitudinal  center.  The  closer  the 
sensor  is  placed  to  the  arc  attach  point  on  the  cylinder,  the  more  the  generator  circuit  resonance  is 
recorded.  A  new  resonance  peak  is  evident  in  Figures  8  and  9  in  addition  to  the  peak  discussed 
previously  in  the  hard-wire  test  (Figure  5).  This  new  higher  frequency  resonance,  which  is  not  the 
natural  resonance  of  the  cylinder,  dominated  the  cylinder’s  skin  current:  it  is  plotted  versus  cylinder 
length  in  Figure  10.  Note  that  a  bar  is  plotted  off  each  data  point.  This  corresponds  to  the  bandwidth 
of  the  resonance  peak  shown  in  the  Fourier  transform. 

Also  shown  in  Figure  10  are  predicted  resonances  which  were  calculated  for  the  capacitance  of 
the  various  length  cylinders  above  a  ground  plane.  These  resonances  correlate  very  closely  to  the 
resonance  peaks  observed.  An  equivalent  circuit  for  this  double  spark  test  is  shown  in  Figure  1 1 . 

In  this  test,  the  cylinder  is  not  wired  to  ground:  thus  the  capacitance  of  the  cylinder  is  not  shorted 
out.  When  the  high-voltage  streamers  of  the  upper  spark  attaches  to  the  cylinder,  the  cylinder 
capacitance  is  charged.  Once  the  lower  spark  gap  is  closed  to  ground,  a  resonance  occurs  between 
the  cylinder  capacitance  to  ground  and  the  circuit  inductance  due  to  the  cylinder  and  ground  spark. 
This  calculated  resonant  frequency  as  a  function  of  cylinder  length  is  tabulated  in  Table  2. 
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Linear  Ampl.  B-dot  Output 
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FIGURE  8 

END  B-DOT  SENSOR  DURING  DOUBLE  SPARK  TEST  ON  IO  METER  CYLINDER 
AND  CORRESPONDING  FOURIER  TRANSFORM 
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TABLE  2 

RESONANCE  DUE  TO  CYLINDER  CAPACITANCE 


t .  2ne 
In  (2h/r) 


6  -  8.85  pf/m 
h  =  1 .4  m 
r  =  ,19  m 


Cylinder 
Length  (ml 

Lq  (phi 

Ccy  <P<> 

fcy  (MH?| 

2.5 

3.3 

51.7 

12.2 

5 

3.3 

8.6 

7.5 

3.3 

■m 

7.0 

10 

3.3 

206.7 

6.1 

12.5 

3.3 

258.4 

5.5 

15 

3.3 

310.0 

5.0 

Radiated  Case  -  A  radiated  E-field  induced  skin  currents  on  the  cylinder  in  the  third  case  (Figure  4). 
Figure  12  shows  an  example  of  the  output  from  a  skin  current  sensor  on  a  ten-meter 
cylinder  during  this  test  and  the  corresponding  Fourier  transform.  The  placement  of  the  B-dot 
sensors  along  the  cylinder  has  no  effect  on  the  output  waveform.  The  resonance  peak  dominant  in 
this  test  configuration  is  plotted  versus  cylinder  length  in  Figure  13.  For  the  2.5-  and  5.0-meter 
cylinders,  a  resonance  peak  was  not  evident  in  the  data  due  to  the  20-MHz  limit  of  the  data 
acquisition  system. 

Also  shown  in  Figure  1 3  are  curves  predicting  the  natural  resonance  of  the  cylinder  as  a  function 
of  the  speed  of  the  skin  current  along  the  cylinder.  Since  the  cylinder  is  physically  isolated  from  the 
discharge  circuit,  resonances  due  to  RLC  circuit  components  will  not  be  present.  The  cylinder  simply 
acts  as  an  antenna  which  is  excited  by  external  field  changes.  A  natural  resonance  due  to  the  length 
of  the  cylinder  (8)  and  the  propagation  velocity  of  the  skin  current  can  be  computed.  A  travel  time, 
t,  for  the  length  of  the  cylinder  can  be  computed  as:  t  =  8/ac  where  a  is  a  fraction  of  the  speed  of 
light,  c,  that  corresponds  to  the  skin  current  propagation  velocity.  For  an  ungrounded  cylinder,  the 
frequency  of  the  skin  current  would  be  f  =  1  /2t  =  ac/  26  .  Table  3  lists  this  calculation  as  a  function 
of  the  cylinder  length  and  the  fraction  of  the  speed  of  light.  It  can  be  seen  that  the  measured  data 
correspond  most  closely  to  a  propagation  velocity  about  0.88  C. 
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FIGURE  12 


B-DOT  SENSOR  OUTPUT  DURING  INDUCED  WIRE  TEST  OF  ISOLATED  10  METER 
CYLINDER  AND  CORRESPONDING  FOURIER  TRANSFORM 
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Resonant  Frequencies  -  MHz 
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FIGURE  13 

CURRENT  RESONANCE  ON  CYLINDER  DURING  INDUCED  WIRE  TEST 


TABLE  3 

NATURAL  RESONANCE  OF  FREE  FLOATING  CYLINDER 


a.c  a 

f  = - ,  C  »  3.l0°m/sec 
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Cylinder 
Length  (ml 

f(a  =  1.0) 
MHz 

f  (a  =  0.95) 
MHz 

f(a=0.9) 

MHz 

f(a=0.85) 

MHz 

2.5 

61.5  MHz 

58.4  MHz 

55.4  MHz 

52.3  MHz 

5.0 

30.8 

29.2 

27.7 

26.1 

7.5 

20.5 

19.5 

18.5 

17.4 

10 

15.4 

14.6 

13.8 

13.1 

12.5 

12.3 

11.7 

11.1 

10.5 

15.0 

10.25 

9.73 

9.23 

8.7 
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Discussion 

The  results  of  this  study  are  very  significant  for  ground-based  lightning  tests  of  full-scale  aircraft. 
They  indicate  that  the  skin  currents  flowing  on  the  vehicle  are  dominated  by  interactions  between 
the  vehicle  and  the  ground  plane  or  by  other  components  in  the  test  circuit,  depending  on  the 
excitation  mode. 

A  damped  oscillatory  excitation  waveform  was  used  in  these  studies  to  illustrate  more  clearly 
the  relative  contributions  of  the  main  driving  waveform  and  the  resonances  excited  on  the  test 
article.  It  is  clear  from  this  study  and  previous  ones.3.4  that  in  the  case  of  the  hard-wired  test,  no 
significant  vehicle  resonances  are  generated  if  the  driving  waveform  rise  time  is  slow  compared  to 
the  electrical  length  of  the  test  article.  However,  resonances  in  the  associated  circuitry  can  be  readily 
excited  by  switching  transients  and  even  relatively  slow  excitation  waveforms.  In  this  case,  resonances 
characteristic  of  the  1.6-MV  generator  were  obvious  in  all  of  the  tests  where  it  was  used. 

When  the  test  article  was  isolated  from  ground  and  one-meter  sparks  were  used  to  connect  the 
cylinder  into  the  discharge  circuit,  the  resonant  frequencies  characteristic  of  the  cylinder  capacitance 
and  inductance  to  ground  dominated  the  skin  currents.  (The  resonance  due  to  the  high-voltage 
generator  was  also  present  in  this  case.)  The  cylinder/ground  plane  resonance  is  excited  in  the  spark 
case  because  the  capacitance  of  the  cylinder  is  fully  charged  to  the  generator  output  voltage  before 
the  spark  to  ground  is  established.  When  the  path  to  ground  is  established,  the  charge  on  the  cylinder 
rapidly  discharges  to  ground,  leading  to  the  resonance  peak  observed. 

In  previous  tests,^  it  was  seen  that  the  magnitude  of  transients  produced  on  an  internal  wire 
pair  were  greatly  increased  when  the  cylinder  was  allowed  to  spark  to  ground  rather  than  being 
hard-wired.  It  cannot  be  seen  from  the  double  spark  data  presented  in  this  paper  how  the  main 
excitation  current  amplitude  compares  to  the  cylinder  to  ground  resonance  current.  However,  the 
data  reported  in  Reference  4  indicates  that  they  are  comparable  in  amplitude,  while  the  rate  of 
change  of  the  cylinder/ground  resonance  current  is  more  than  an  order  of  magnitude  greater. 

Therefore,  the  high  frequency  resonance  would  be  expected  to  dominate  the  coupling  to  internal 
circuits. 

Only  in  the  case  of  the  irradiated  cylinder  was  the  basic  cylinder  resonance  observed.  With  no 
physical  connection  to  ground,  the  EM  wave  propagation  time  on  the  cylinder  determined  the 
response  frequency  of  the  cylinder.  The  response  magnitude  was  quite  low  compared  to  the  direct 
drive  cases.  The  observed  resonance  corresponded  to  a  wave  propagation  velocity  on  the  cylinder 
of  about  0.88  times  the  speed  of  light. 

Conclusions 

The  role  of  system  resonances  in  the  production  of  lightning-induced  transients  in  aircraft  are  of 
primary  importance.  The  skin  current  resonances  observed  in  the  hard-wire  test  are  characteristic 
of  the  total  ground  test  circuit  configuration.  The  resonances  observed  in  the  shock  excitation 
test  (double  spark  case)  are  characteristic  of  the  vehicle  to  ground  coupling  and  may  or  may  not  be  a 
resonable  simulation  of  the  in-flight  condition.  More  work  is  needed,  both  experimental  and  analytical, 
to  determine  the  effect  of  lightning  arc  attachments  on  aircraft  system  resonances.  The  result  of  this 
test  series  give  some  indication  that  impedance  mismatches  between  the  vehicle  and  the  arc  channel 
may  not  be  so  great  as  to  allow  the  basic  vehicle  resonance  to  dominate.  The  primary  resonance  in 
the  natural  lightning  case  may  be  more  nearly  related  to  the  surge  impedance  of  the  arc  channel  and 
the  electrical  parameters  of  the  aircraft.  Skin  current  measurements  on  research  aircraft  struck  by 
lightning  are  needed  to  fianlly  clarify  this  issue.  Such  measurements  may  be  forthcoming  from 
planned  government  in-flight  lightning  research  programs. 
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IMPLEMENTATION  AND  EXPERIENCE 
WITH  LIGHTNING  HARDENING  MEASURES 
ON  THE  NAVY/AIR  FORCE  COMBAT  MANEUVERING  RANGES 

J.  E.  Nanevicz  and  E.  F.  Vance 
SRI  International 

ABSTRACT 

This  paper  describes  the  development  and  implementation  of  lightning  hard¬ 
ening  treatements  on  a  medium-size  ground  installation.  The  treatments  are 
discussed  in  light  of  the  topological-zoning  concept  of  electromagnetic  shield¬ 
ing. 

The  first-level  treatments  have  been  implemented  on  the  Tracking  Instrumen¬ 
tation  Subsystem  (TIS)  of  the  Navy  Air  Combat  Maneuvering  Range  (ACMR)  with 
great  success.  Prior  to  the  implementation  of  these  treatments  extensive  com¬ 
ponent  damage  occurred  when  the  antenna  tower  associated  with  the  system  was 
struck  by  lightning.  Since  the  implementation  of  recommended  treatments  many 
direct  strikes  to  the  same  antenna  have  been  witnessed  by  operating  personnel 
without  any  damage  to  components  in  the  treated  system  and  with  no  loss  of 
operating  time  on  the  range. 

I  INTRODUCTION 

As  is  indicated  in  the  companion  paper  (ref.  1),  shield  topology  offers  a 
powerful  tool  for  the  development  of  lightning  hardening  techniques.  system 
topology  was  fir^t  introduced  as  an  aid  to  the  analysis  of  the  system  response 
to  incident  EMP.  It  has  since  evolved  into  a  powerful  tool  for  decomposing 
very  complicated  systems  into  simple  elements  such  as  transmission  lines, 
antennas,  cavities,  apertures,  etc.,  that  are  amenable  to  analysis.  ’ 

The  c^n^ept  of  shield  topology  is  also  extremely  useful  in  designing  system 
hardness.  ’  Whereas  susceptibility  analysis  uses  topology  to  separate  a  system 
into  tractable  pieces,  the  system  designer  must  reverse  the  process  to  synthe¬ 
size  a  shield  topology  that  will  restrict  penetration  of  lightning-induced 
effects  to  a  tolerable  level.  This  must  be  done  without  unduly  compromising  the 
performance  of  the  primary  functions  of  the  system  and  without  radically 
increasing  the  cost  of  the  system. 

In  general,  interference  control  is  concerned  with  separating  undesirable 
sources  from  susceptible  circuits.  The  perfectly  conducting  closed  shield 
completely  isolates  the  volume  enclosed  by  the  shield  from  electromagnetic 
sources  outside  the  shield  (Figure  1).  Therefore,  if  a  system  could  be  enclosed 
in  such  a  shield,  it  would  be  completely  immune  to  lightning,  and  other  external 
sources  of  interference. 
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However,  a  serious  practical  limitation  on  the  use  of  perfect  shields  is  the 
fact  that  such  a  closed  system  does  not  allow  electromagnetic  signals  to  enter 
or  leave  the  system.  Since  a  system  with  which  one  cannot  communicate  is  not 
useful,  the  shield  is  almost  always  compromised  to  allow  information  to  flow 
into  and  out  of  the  system.  Further  compromises  are  also  usually  necessary  to 
supply  power,  to  dispose  of  waste  heat  and  to  allow  access  for  equipment  instal¬ 
lation  and  service.  These  deviations  from  the  perfect  shield  mean  that  two  or 
more  levels  of  shielding  may  be  required  to  protect  small-signal  circuits  from 
lightning.  An  example  of  a  two-level  shield  system  is  shown  in  Figure  2. 

Conceptually,  the  development  of  a  system  hardening  approach  involves 
defining  shield  boundaries  and  then  striving  to  control  the  violations  of 
shields  created  by  apertures  or  penetrating  conductors.  These  concepts  were 
applied  to  Navy/Air  Force  Air  Combat  Maneuvering  Range  Instrumentation  Systems 
(ACMR/I)  as  was  discussed  in  Reference  7.  Since  the  ACMR/I  is  an  operating 
system,  treatments  had  to  be  applied  gradually  on  a  non-interference  basis.  At 
present,  virtually  all  of  the  recommended  first-level  treatments  have  been 
implemented  and  will  be  discussed  here,  together  with  an  indication  of  the 
improvements  achieved  in  system  lightning  immunity. 

II  THE  SYSTEM 

The  Navy/Air  Force  Air  Combat  Maneuvering  Range/Instrumentation  (ACMR/I) 
system  consists  of  remote  tracking  antennas,  a  tracking  instrumentation  subsys¬ 
tem  (TIS),  and  a  control  computing  and  recording  facility  located  at  a  Navy  or 
Air  Force  training  range.  Our  concern  here  is  with  the  TIS.  The  TIS  consists  of 
two  all-metal  vans.  One  of  these  vans  contains  electronic  data  processing  and 
communication  equipment.  The  vans  are  installed  within  communication  range  of 
the  remote  range  tracking  antennas,  with  which  they  communication  through  a 
tower-mounted  VHF  antenna  located  within  a  few  meters  of  the  vans.  The  radio 
antenna  tower  is  normally  about  156-m  tall  and  is  a  frequentf  target  for 
lightning. 

A  sketch  of  a  typical  TIS  layout  is  shown  in  Figure  3.  The  equipment  in  the 
van  is  operated  from  commercial  power,  and  local  telephone  service  is  provided 
to  the  vans.  Both  the  power  amplifiers  for  the  transmitting  antennas  and  the 
preamplifiers  for  the  receiving  antennas  are  mounted  on  the  tower  base  about  1  m 
above  ground.  Coaxial  cables  run  from  these  amplifiers  up  the  tower  to  the 
antennas,  and  also  from  the  amplifiers  to  the  equipment  van.  Power  cabling  runs 
from  the  van  to  supply  the  amplifier  operating  power.  The  all-metal  equipment 
van  is  grounded  externally  by  a  large  cable  connected  to  a  steel  supporting  beam 
on  the  underside  of  the  van  and  to  the  tower  footing  about  10  m  away.  The  ac 
power  system  is  grounded  to  one  or  more  ground  rods  located  5  to  10  m  from  the 
van  near  the  distribution  transformers. 

From  the  topological  zoning  point  of  view,  the  TIS  originally  had  the 
configuration  shown  in  Figure  4.  The  shield  provided  by  the  metal  skin  of  the 
van  was  violated  in  a  number  of  places,  and  the  high  currents  induced  by 
lightning  on  these  penetrating  conductors  could  flow  to  the  sensitive  equipment 
contained  in  the  cabinets. 
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The  treatments  recommended  to  improve  the  lightning  hardness  of  the  TIS 
illustrate  an  important  basic  concept  for  maintaining  shield  integrity.  They 
will  be  discussed  in  the  next  section. 

Ill  HARDENING  TREATMENTS 

Basically,  the  hardening  techniques  employed  in  the  TIS  involve  the  appli¬ 
cation  of  the  concepts  discussed  in  Figure  5  of  Reference  1,  which,  for  com¬ 
pleteness,  is  reproduced  here  as  Figure  5.  Although  two  similar  installations 
were  considered  in  the  hardening  program  discussed  in  Reference  7,  only  the 
installation  at  Nago  Head  will  be  discussed. 

A  metal  entry  panel  connected  to  the  skin  of  the  van  was  installed  where  the 
coaxial  cables  enter  the  van  in  Figures  3  and  4.  Cable  connectors  were  instal¬ 
led  in  the  entry  panel  to  connect  the  shield  to  the  panel  thereby  forcing  the 
harsh  lightning  currents  flowing  on  the  coaxial  cable  shield  to  flow  to  the 
outside  of  the  skin  as  suggested  in  the  left  illustration  of  Figure  5(b). 

The  ac  power  lines  were  treated  as  is  suggested  in  the  left  of  Figure  5(c). 
A  secondary  lightning  arrester  was  installed  on  each  of  the  incoming  lines  to 
"close  the  aperture"  and  divert  the  line  current  to  the  outside  skin  whenever 
the  magnitude  of  the  line  voltage  exceeds  the  surge  limiter  threshold  as  the 
result  of  a  lightning  stroke.  Further  application  of  Figure  5(c)  was  achieved 
by  installing  a  line  regulation  transformer  after  the  secondary  lightning 
arrester.  This  unit  provides  voltage  regulation  and  filtering  to  further  limit 
the  frequency  and  amplitude  range  of  the  signals  that  can  penetrate  through  this 
aperture . 

The  safety  wire  ("green  wire")  was  treated  as  suggested  in  the  left  illus¬ 
tration  in  Figure  5(a).  The  ac  power  entry  details  were  to  assure  that  the 
green-wire  grounding  conductor  does  not  go  outside  the  van,  and  that  the  outside 
electrical  grounding  conductor  does  not  enter  the  van.  This  arrangements  avoids 
having  lightning-induced  currents  flowing  to  the  interior  of  the  van  on  the 
safety  ground  system,  as  might  happen  if  the  arrangements  at  the  right  of  Figure 
5(c)  were  followed. 

The  power  supply  leads  to  the  preamplifiers  were  treated  following  the 
concept  illustrated  at  the  left  of  Figure  5(c).  Details  of  the  treatment  are 
shown  in  Figure  6.  Since  the  power  supply  is  contained  in  an  equipment  cabinet, 
the  leads  penetrate  two  layers  of  shielding.  In  this  way,  amplitude  limiting 
was  applied  at  the  penetration  of  each  shield.  The  gas  tubes  associated  with 
the  van  shield  were  located  in  a  small  "dog  house"  installed  on  the  entry  panel 
discussed  earlier.  Thus,  lightning-induced  currents  bypassed  by  the  gas  tube 
are  forced  to  flow  on  to  the  exterior  of  the  van  skin.  A  TRANSZORB  was  installed 
where  the  power  supply  lead  entered  the  equipment  cabinet  in  order  to  maintain 
the  integrity  of  this  second  shield  by  amplitude  -  sensitive  shorting  of  the 
undesired  lightning-induced  currents  to  the  skin  of  the  cabinet. 

Treatment  of  the  telephone  entry  was  of  lower  priority  since  the  telephone 
system  is  not  intimately  connected  to  the  rest  of  the  system.  Thus,  this  work 
is  just  now  getting  underway. 
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Aside  from  the  limiting  discussed  in  connection  with  the  preamplifier  power 
supply  leads,  no  treatment  at  the  secondary  shield  level  has  been  undertaken. 

IV  HARDENING  SYSTEM  PERFORMANCE 

There  has  been  no  computer  damage  since  the  RF  cable  treatment  and  ac  power 
limiters  were  installed.  The  system  has  operated  for  the  last  2  years  without 
any  damage  even  though  the  antenna  tower  has  been  struck  by  lightning  on  numer¬ 
ous  occasions.  For  example,  3  direct  strikes  were  observed  by  operating  person¬ 
nel  during  the  summer  of  1979.  They  also  reported  that  at  least  an  equal  number 
of  probable  strikes  occurred.  If  this  many  strikes  occurred  when  operating 
personnel  were  present,  it  is  reasonable  to  assume  that  a  substantial  number  of 
strikes  occurred  when  no  one  was  present. 

On  Sunday,  9  March  1980,  an  extremely  severe  storm  occurred  at  Nags  Head. 
On  the  following  Monday,  operating  personnel  found  that  transistors  in  the 
preamplifiers  located  in  the  boxes  on  the  antenna  tower  had  been  damaged.  It 
should  be  recalled  from  Figure  6  that  protection  was  applied  to  the  power  supply 
leads  entering  the  van,  but  that  no  protection  was  applied  at  the  preamplifier 
itself. 

Since  the  lightning  treatment  program  was  initiated,  no  time  has  been  lost 
on  the  range. 


V  CONCLUSIONS 

Lightning  hardening  treatments  developed  from  the  shield  topological  point 
of  view  have  been  applied  at  the  first  level  of  shielding  of  a  medium-size 
facility.  Prior  to  the  installation  of  these  treatments,  the  system  suffered 
extensive  damage  to  electronic  circuitry  whenever  a  lightning  strike  occurred 
to  the  antenna  tower,  which  was  part  of  the  system.  The  damage  was  sufficiently 
severe  that  the  system  had  to  be  shut  down  for  repair. 

Since  the  installation  of  the  hardening  treatments,  numerous  strikes  to  the 
same  tower  have  occurred  during  a  two-year  period,  without  causing  any  damage. 
During  this  same  period,  no  range  time  has  been  lost  as  the  result  of  lightning 
effects . 

The  hardening  treatments  were  simple  and  straightforward  to  install. 
Actual  installation  occurred  during  times  when  the  range  was  closed — because  of 
weather  or  other  operational  considerations.  The  cost  of  purchasing  the  hard¬ 
ware  and  installing  the  treatments  is  much  less  than  the  expense  of  repairing 
the  unmodified  system  after  a  lightning  strike. 
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FIGURE  1  ELECTROMAGNETIC  ISOLATION  WITH  A  PERFECT  SHIELD 
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(external 
environment) 


ZONE  2 
(small-signal 
environment) 


FIGURE  2  TOPOLOGY  OF  A  TWO-LEVEL  SHIELD  SYSTEM 


FIGURE  3  SKETCH  OF  A  TIS  INSTALLATION 
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FIGURE  4  SCHEMATIC  OF  TIS  INSTALLATION  SHOWING  SHIELD  PENETRATIONS 


PROPER 
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(a)  GROUNDING  CONDUCTORS 


(c)  INSULATED  CONDUCTORS 


FIGURE  5  SHIELDING  INTEGRITY  NEAR  INTERFERENCE-CARRYING  EXTERNAL 
CONDUCTORS 
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THE  FAA  LIGHTNING  PROTECTION  MODULES  DESIGNED 
FOR  LEADLESS  DEVICES 

Richard  M.  Cosel  and  Manuel  Figueroa 
Florida  Institute  of  Technology 


SUMMARY 

The  silicon  avalanche  transient  suppressor  is  widely  used  to  protect  low 
level  solid  state  devices  against  voltage  transients.  There  has  been  a  problem, 
however,  in  providing  suitable  low  loss,  low  inductive  installation  mountings  es¬ 
pecially  in  retrofit  cases.  This  report  describes  two  mounting  systems  developed 
for  the  FAA,  a  barrier  strip  designated  FA9455,  for  direct  current,  pulsed  or 
audio  lines  and  coaxial  holder  designated  FA9479  for  50  or  72  ohm  video  or  R.F . 
lines.  Tests  were  performed  using  both  conventionally  constructed  suppressors  and 
low  capacity  units  at  voltage  ratings  varying  from  6.8  volts  to  over  50  volts  and 
including  bipolar  and  unipolar  devices.  Square  wave  tests  on  the  barrier  strip, 
insertion  loss  tests  on  the  coaxial  module  and  surge  testing  of  both  modules  in¬ 
dicated  that  within  test  parameters,  the  devices  are  limited  only  by  the  capabil¬ 
ities  of  the  surge  suppressor  used.  i.e.  They  are  device  limited. 


INTRODUCTION 


The  use  of  silicon  avalanche  diodes  for  suppression  of  induced  transients 
has  been  widely  documented.  The  standard  low  power  units  which  appeared  on  the 
market  were  packaged  much  the  same  as  ordinary  rectifier  diodes,  i.e.  axial  or 
stud  mounting.  While  these  were  reasonably  simple  to  wire  into  existing  circuit¬ 
ry,  several  inherent  problems  surfaced.  The  problems  mainly  involved  the  pack¬ 
aging  (physical  arrangement)  to  provide  protection  at  line  termination  points 
such  as  the  demarcation  box  at  a  facility  entrance,  and  the  inductance  (which 
could  be  significant)  added  by  device  leads. 

The  FAA,  recognizing  these  problems  decided  to  attack  on  both  fronts  simul¬ 
taneously.  First  of  all  in  conjunction  with  General  Semiconductor  Industries,  a 
family  of  leadless  devices  was  developed.  These  devices  -  Figure  1  -  are  now 
catalog  items  in  breakdown  voltages  ranging  from  6  to  115  volts  in  both  unipolar 
and  bipolar  form.  Also  available  are  low  capacity  units  which  have  been  tested 
for  insertion  loss  at  frequencies  up  to  1.0  GHz. 

The  second  task,  a  logical  outgrowth  of  the  first  was  to  develop  a  family 
of  suitable  holders  or  modules  which  meet  the  following  goals: 

Ease  of  installation 
Minimum  lead  length 

Use  with  single  or  multiple  twisted  pair  lines 
Use  with  coaxial  lines. 
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Through  the  RADC  Post  Doctoral  program,  Florida  Institute  of  Technology  was 
given  the  task  of  development  of  both  a  holder  which  would  replace  the  typical 
barrier  strip  and  a  second  unit  for  use  in  coaxial  line.  The  resulting  barrier 
strip  shown  in  figure  2,  A  and  B  is  made  in  two  lengths.  The  FA9455A  is  a  five 
device  unit  while  the  B  version  holds  10  devices.  Illustration  2A  shows  a  module 
with  components  for  a  typical  protection  circuit  in  stages  of  installation. 

While  five  or  ten  devices  can  be  accommodated,  this  does  not  necessarily  equate 
to  five  or  ten  lines.  The  size  and  shape  of  the  diode  inserts  were  specifically 
selected  so  that  the  unit  would  be  interchangeable  with  available  miniature  gas 
tubes.  Thus  in  a  more  complex  suppression  circuit,  two  or  more  positions  can  be 
used  with  one  line.  The  crossover  connector  provided  is  shown  at  the  top. 


The  coaxial  module  FA9479  Figure  3,  was  fabricated  using  a  standard  UG  28A/U 
type  N  Tee.  As  can  be  seen  from  the  illustration,  the  throughput  goes  through 
the  head  of  the  Tee  and  the  protection  device  is  in  the  modified  leg.  The  center 
line  connector  has  been  replaced  with  a  flat  head  screw  and  insulating  cup.  The 
low  capacity  units  available  in  the  leadless  configuration  were  unipolar  devices. 
In  order  to  accommodate  two  diodes  for  bipolar  operation,  the  cap  was  redesigned, 
extended  to  provide  added  space.  Originally  a  conical  spring  was  used  as  the  in¬ 
ternal  contact.  However,  because  the  spring  had  too  much  inductance  the  cap  was 
redesigned  to  make  use  of  a  flat  belleville  washer  type  spring.  In  production, 
the  adjustable  screw  would  be  replaced  with  a  fixed  contact. 
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Figure  2 A 


lightning  Protection  Module  (1.PM)  FA9455A 
showing  diode  insertion  and  resistor  mount  in; 
for  the  most  common  arrangement. 
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Figure  2B 

Lightning  Protection  Module,  Plan  View 

The  5  Terminal  unit  is  designated  FA9455  A 
The  10  terminal  unit  designated  FA9455  B 


Figure  3 
FA  9479 


Lightning  Protection  Module,  Coaxial  (LPMC) 

Note  that  a  cupped  "belleville"  type  washer  has  been  substituted 
for  the  conical  spring  washer  substantially  reducing  inductance 
effects.  Space  for  two  suppression  devices  has  been  extended  using 
a  redesigned  cap.  In  production,  the  adjustable  screw  contact  would 
be  replaced  by  a  fixed  contact. 


TEST  PROGRAM 


A.  Barrier  Strip,  FA9455 

Suppression  Characteristics,  such  as  peak  power  dissipation  and  breakdown 
voltage  of  the  protective  devices  are  listed  in  appropriate  catalogs.  Of  spe¬ 
cific  interest  in  applying  the  devices  to  existing  circuits  is  the  effect  the 
device  and  its  holder  may  have  on  the  quality  and  level  of  the  signal  being 
transmitted . 

The  barrier  strip  is  commonly  used  to  connect  single  or  twisted  pair  tele¬ 
phone  type  lines.  Signals  include  pulsed  d.c.  and  sinusoidal  signals  from  low 
frequency  power  (60  or  400  Hertz)  and  control  lines  and  the  audio  frequency  range. 

In  special  cases,  clock  synchronization  pulses  up  to  10  MHz  are  accommodated 
on  twisted  pair.  However,  the  input  and  output  circuitry  is  specially  condition¬ 
ed  and  designed  to  accommodate  degraded  pulse  shapes. 

1.  Square  Wave  Tests 

A  series  of  square  wave  tests  were  run  using  both  standard  and  low  capacity 
diodes.  Degradation  effect  of  the  lines  themselves  was  minimized  by  using  short 
leads  and  no  termination  in  order  to  picture  solely  the  effect  of  the  suppression 
device  in  combination  with  the  module.  The  square  wave  pulse  generator  used  was 
a  Hewlett  Packard  211A  with  a  maximum  frequency  of  1  MHz  and  an  output  of  55 
volts  across  a  600fi  internal  impedance.  The  rise  time  specification  is  less  than 
.  Ip  sec. 

The  barrier  strip  was  tested  using  the  following  devices:  1.5KC7.5,  1.5KC 
36,  1.5KC51,  GZ92111A,  GZ92111B  and  the  GZ60316B.  All  are  unipolar  devices. 

Tests  with  available  bipolar  units  showed  no  significant  differences.  Test  re¬ 
sults  are  shown  in  figures  4  through  10.  In  each  case  the  test  voltage  shown  is 
just  below  the  clipping  point  unless  otherwise  indicated.  It  is  interesting  to 
note  that  in  this  "large  signal"  test  case,  with  the  exception  of  the  6.8  volt 
device,  GZ60316B,  the  apparent  square  wave  distortion  is  related  more  to  the  de¬ 
vice  voltage  rating  than  to  the  diode  "low  signal"  capacitance.  Thus  the  36  volt 
devices  1.5KC36  (standard  capacity)  and  the  GZ92111A  (low  capacity),  show  essen¬ 
tially  similar  wave  shapes  at  corresponding  frequencies.  The  GZ60316Bs,  low 
capacity  devices  of  earlier  manufacture  had  all  been  subjected  to  extensive  surge 
testing  and  exhibited  rounded  zener  knees  indicative  of  leakage.  The  insertion 
loss  curve,  Figure  21,  also  shows  an  apparent  resonance  effect  which  seems  to  be 
unique  to  the  construction  of  this  particular  series.  Figures  11A  and  B  shows 
the  comparison  of  the  'knees'  of  the  GZ260316B  and  GZ92111A  both  to  the  same 
scale  of  5  volts/division.  Figure  11C  shows  the  'knee'  of  the  GZ60316B  somewhat 
expanded  at  2  volts/division. 

2.  Surge  Test 

Surge  testing  was  performed  using  a  laboratory  fabricated  generator,  courtesy 
of  G.K.  Huddleston,  Georgia  Institute  of  Technology.  The  basic  test  circuit  is 
shown  in  figure  12. 
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1000  Hz 

10  v/cm,  100  jusec  x  2 


2. 


50  KHz 

10  v/cm,  1  usee  x  5 


300  KHz  6.  500  KHz 

10  v/cm,  1  usee  x  1  10  v/cm,  .1  usee  x  5 


Figure  5 

Square  Wave  Test 

1.5KC36  (Vy  33.36)  Mounted  in  LPM  9455A 


5.  650  KHz 

20  v/cm,  .1  juser.  x  5 


Figure  6 
Square  Wave  Test 

I.5KC5I  (Vg  52.65}  Mounted  in  LPM  9455A 
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100  KHz 

10  v/cm,  1  psec  x  2 


2.  100  KHz  (Showing  Clipping) 

10  v/cm,  1  psec  x  2 


200  KHz 

10  v/cm,  1  psec  x  1 


4.  500  KHz 

10  v/cm,  .1  psec  x  5 


750  KHz 

6. 

1000  KHz 

10  v/cm, 

.  1  psec  x  1 

10  v/cm ,  .1  psec  x  5 

Figure  ^ 

Square  Wave  Test 

GZ  921 11 A  (VB  35.lv)  Mounted 

in  LPM  9455A 

1.  10  KHz 

2  v/cm,  10  jjsee  x  2 


2.  50  KHz 


2  v/cm,  1  psec  x  5 


3.  200  KHz 


2  v/cm,  I  jixpc  x  2 


4.  1000  KHz 

2  v  /  cm  ,  .  1  ;i.sec  x  5 


l-'i^ure  '• 

GZ  603  16B  ( VB  6 . 8v  )  Mounted  in  LPM  9155A 
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Figure  11 


Zener  Curves 
A  and  C  GZ60316B 
B  GZ9211LA 


SURGE  GENERATOR 


Figure  12 

C  =  67.5  Mfd,  1200  Vole  Vp  =  Dependent  on  device 

vs  =  1000  Volts  R !  =  120 


Figure  13  shows  a  typical  response  curve,  effectively  a  10  x  1000  waveform. 


200  Vo  Its /cm 
1  mi  I  1  i second /it. 

The  output  of  the  surge  generator  was  connected  to  tile  harrier  strip  through 
an  18"  length  of  R(158  coaxial  cable.  The  oscilloscope,  harrier  strip  and  surge 
generator  shared  a  common  ground.  Tests  were  conducted  using  a  representative 
group  of  leadless  TransZorbs  with  the  conical  coil  spring  internal  contact  fur¬ 
nished  with  the  l.PMs, 

Also  tested  wore  two  .foslvn  leadless  gas  tube  supressors  and  two  transient 
suppressors  with  leads.  All  results  are  shown  graphically  in  the  following 
series  of  photographs.  It  can  be  seen  that  all  units  clamped  essentially  within 
tolerance  limits. 

The  discharge  curves  for  the  unipolar  and  bipolar  devices  are  essential  1\ 
the  same.  Apparent  difference's  in  peak  values  can  be  attributed  to  jitter  in  the 
vertical  amplifier  of  the  osci 1 loscope. 

Two  devices  with  leads  were  connected  using  maximum  lead  length,  totaling  2 
inches.  Results  are  pictured  in  Figure  16.  Note  the  accentuated  peak  occurring 


i 

in  the  first  millisecond  of  clamping. 

As  shown  in  Figure  17  gas  tube  devices  essentially  show  a  short  circuit 
during  conduction.  When  conduction  ceases,  voltage  rises  to  the  point  determined 
by  the  discharge  characteristic.  For  low  voltage  circuit  protection  they  are 
normally  used  in  combination  with  a  silicon  avalanche  diode  or  devices  with 
similar  low  voltage  protection  capability.  The  FA9455  LPMs  will  readily  accept 
the  Joslyn  two  electrode  miniature  gas  tube  surge  protectors  and  those  of  other 
manufacturers  with  similar  dimensions. 
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A.  GZ60316B  10  V/cm 


B.  GZ92111A  20  V/cm 


Figure  13 


Low  Capacity  Unipolar  Units 
Mounted  in  FA9455A 
Vs  =  1000  Volts  Ri  =120'! 


IN5662A  50  V/em 


B.  1.5  KL200LA  10O  V/em 


Pi  jure  Id 

Avalanche  Diodes  With,  heads 
V 1000  Volts  Ki  =  120 


A.  .loslvn  2022-12*  50  V/era 


B.  .loslvn  2021-12*  50  V/cm 


C.  NK-51  20  Vcm 


Figure  17 

(las  Tube  Deviees  in  FA9455A 
V  =  1000  Volts  K i  =  120 


*  Leads  Removed 


A.. 


B. Coaxial  Module,  FA  9479 
1. Insertion  Loss  Tests 

The  coaxial  module  alone  and  in  combination  was  tested  for  insertion  loss 
at  frequencies  ranging  from  10  MHz  to  1  GHz.  The  devices  used  in  conjunction 
with  the  module  were  pairs;  GZ60316B,  6.8v  nominal;  GZ92111A,  V^  36v  nom¬ 

inal;  and  GZ92111B,  V^  51v  nominal.  Tests  were  performed  on  a  Hewlett  Packard 
8507B  Automatic  Network  Analyzer  through  the  courtesy  of  the  Harris  Corporation. 
Results  are  tabulated  in  Tables  1,  2,  3  and  4.  Table  5  is  the  calibration 
check.  Results  are  plotted  graphically  in  Figures  18,  19,  20  and  21.  The 
GZ92111A's  and  GZ92111B's  both  exhibit  smooth  rising  curves  with  the  higher 
voltage  device  exhibiting  less  loss  because  of  its  lower  junction  capacitance. 

The  much  lower  voltage  GZ60316B,  figure  21,  has  a  sharply  pronounced  peak 
loss  at  approximately  370  MHz  indicative  of  leakage  and  a  possible  resonance 
in  the  low  capacity  diode  circuit  incorporated  in  the  device. 

Depending  on  application,  either  insertion  loss  or  VSWR  may  be  used  as  the 
criteria  for  maximum  usable  frequency.  An  insertion  loss  of  3db  or  a  VSWR  of 
1.5  to  1  are  commonly  used  (but  not  equivalent)  limits,  3db  being  the  half 
power  point  while  a  VSWR  of  1.5  to  1  yields  96%  power  transmission.  Referring 
to  the  printouts  from  the  Network  Analyzer  note  that  the  insertion  (transmission) 
loss  is  provided  directly.  VSWR  is  derived  from  the  return  loss  using 
nomographs  for  VSWR.*  It  should  be  noted  that  the  second  column  of  the  print¬ 
out  which  identifies  the  transmission  loss  does  not  include  the  power  dissapat- 
ed  in  the  device.  It  is  not  the  complement  of  the  return  loss  and  therefore 
cannot  be  used  to  enter  the  nomograph  to  obtain  the  VSWR.  (ie  It  is  not  the 
"Transmission  Loss"  as  defined  in  the  nomograph)  The  transmission  loss  in  the 
column  indicates  the  percentage  of  power  which  gets  past  the  LPM  to  the  load. 

The  method  of  measuring  the  return  loss  using  reflected  power  is  consistent 
with  the  requirement  of  the  nomograph  and  is  used  to  find  the  VSWR.  For  a 
further  discussion,  see  Appendix  A. 

An  insertion  loss  curve  for  a  module  without  diodes  is  shown  in  figure  18. 
Note  that  the  module  alone  at  one  GHz  shows  less  than  ldb  insertion  loss. 

Curves  for  the  coaxial  modules  with  low  capacity  diodes  are  shown  in  figures 
19,  20  and  21.  Table  6  shows  the  results  for  the  module  with  pairs  of  low 


capacity  diodes 

in  bipolar  configuration. 

TABLE  6 

Protection 

96%  Transmission 

50%  Transmission  Point 

or 

or 

1.5:1  VSWR 

3db  Insertion  Loss 

2  GZ60316B 

30  MHz 

110  MHz 

2  GZ92111A 

170  MHz 

690  MHz 

2  GZ92111B 

270  MHz 

850  MHz 

*Electronics  Engineers'  Handbook,  Donald  G.  Fink,  Editor  in  Chief. 
First  Edition,  pages  9-5  and  9-6. 
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2.  Surge  Tests 

Surge  tests  were  performed  on  the  coaxial  module  in  conjunction  with  two 
GZ60316B  low  capacity  diodes  mounted  back  to  back  for  bipolar  action.  Surge 
source  was  a  Keytek  Model  424  Surge  Generator  Monitor  with  both  8  x  20  and  1.2 
x  50  plugin  units.  Results  were  recorded  on  a  Tektronix  Model  7834  storage 
Oscilloscope.  Tests  were  performed  at  the  General  Semiconductor  Industries 
plant. 


Tests  1,  2  and  3  are  shown  pictorially  in  figure  22A.  All  used  the  8  x  20 
wave  shape.  The  circuit  was  not  terminated.  Conical  spring  in  the  holder. 

a.  500  Volts,  24  amperes,  11  volt  clamp 

b.  1000  volts,  49  amperes,  12  volt  clamp.  With  slight  spike  but  very 
little  difference. 

c.  1000  volts,  98  amperes.  Shows  bad  negative  excursion  of  approximate 
ly  10  volts.  This  latter  probably  due  to  heating.  The  device  was  operating  be 
yond  its  limits. 

Test  4,  Figure  22B  is  a  repeat  of  the  1000  volt  at  98  amperes  using  a  flat 
non-inductive  spring.  The  clamping  voltage  was  lowered  by  approximately  one 
volt.  Note  negative  pulse  shift. 

Test  5,  Figure  22C  used  a  1.2  x  50  wave  shape,  applying  1000  volts  at  66 
amperes.  The  device  clamped  at  12  volts  with  no  negative  excursion. 
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B.  Test  4.  1000  Volts  98  Amperes 
(Non-inductive  spring) 

8  x  20  Waveshape 


Test  5.  1000  Volts  66  Amperes 

(Non-inductive  spring) 

1.2  x  50  Waveshape 


Figure  22 
Surge  Tests 

2GZ60316B  (Bipolar  Connected)  in  LPMC  FA9479 
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CONCLUSION  AND  RECOMMENDATIONS 


A.  Conclusion 

Square  wave  tests  on  the  FA9455A  barrier  strip  type  protection  module, 
insertion  loss  tests  on  the  FA9479  coaxial  module  and  surge  testing  of  both 
modules  indicated  that  within  test  parameters,  the  modules  are  limited  only  by 
the  characteristics  and  capabilities  of  the  surge  suppressor  devices  used.  i.e. 
They  are  device  limited.  However,  a  series  of  tests*  performed  by  Illinois 
Institute  of  Technology  Research  Institute  to  determine  effectiveness  in  supres- 
sing  EMP  did  indicate  a  problem  in  handling  short,  nanosecond,  impulses. 

B.  Recommendations 

The  conical  spring  used  in  both  types  of  modules  should  be  replaced  with  a 
"Belleville  washer"  type  spring  such  as  described  in  the  introduction  and  pictur¬ 
ed  in  Figure  3.  This  will  require  minor  modification  of  the  caps  for  both 
devices. 


*Program  conducted  under  Task  3  of  Sub-contract  Number  S-79-01001  between  the 
Florida  Institute  of  Technology  and  the  IIT  Research  Institute. 
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APPENDIX  A 


Return  loss  is  a  term  used  to  describe  the  degree  of  mismatch  introduced 
by  a  TranZorb  in  a  coaxial  line.  Whereas  transmission  loss  (or  insertion  loss) 
is  defined  as 

^transmitted 

^incident 

Return  loss  is  defined  as 


P 

reflected 

p 

incident 

Thus  for  a  well  matched  line,  the  insertion  loss  in  db  would  be  close  to  zero, 
since  the  ratio  of  the  transmitted  to  the  incident  power  would  be  close  to  one. 
On  the  other  hand,  the  return  loss  in  db  would  be  a  large  number,  since  the  re¬ 
flected  power  would  be  a  small  fraction  of  the  incident  power.  Given  the  return 
loss,  the  transmission  loss  can  be  calculated. 

Since  Plncident  =  Ptransmitted  +  ^reflected  the  VSWR  Can  be  derived  fr°m 


the  return  loss  as  follows: 

The  return  loss  in  db  is  defined  as* 


Return  loss,  dB  =  10  log-^Q  |r|^ 

(1) 

Where  |r[=  magnitude  of 

the  voltage  reflection  coefficient. 

Since 

1  r  1  =  P~l. 

111  P+1 

(2) 

p=VSWR 

(3) 

we  can  write  (1)  as 

1 

Return  loss,  dB=20  1ogirl 

T-0  p+i 

W 

Solving  for  P 

i+io+(return  ^oss 

+(return  loss  dB) 

1-10  20 

Note  that  the  return  loss  is  always  a  negative  number  or  zero. 

A  similar  computation  can  be  performed  to  determine  the  VSWR  from  the  transmiss¬ 
ion  loss,  using 

Transmission  Loss  (db)  =  10  log  ( 1— | T | ^ ) 

and  solving  for  p.  Care  should  be  taken  to  account  for  the  power  dissipated  by 
the  device  under  test  when  using  transmission  loss  to  determine  the  VSWR. 

*Smith,  Phillip  H. ,  "Electronic  Applications  of  the  Smith  Chart,"  McGraw- 
Hill  Book  Company,  New  York,  1969,  pp  37-38. 
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This  paper  is  based  on  a  report  now  in  preparation  for  the  Federal  Aviation 
Administration.  The  study  was  performed  by  the  Department  of  Electrical  Engi¬ 
neering,  Florida  Institute  of  Technology  as  a  participant  in  the  Post  Doctoral 
Program  at  the  Rome  Air  Development  Center.  The  effort  was  conducted  via  RADC 
Job  Order  No.  DOT-FA  72  WAI-356. 

It  should  be  noted  that  trade  or  manufacturers  names  appear  herein  solely 
because  they  are  considered  essential  to  the  object  of  this  paper.  TransZorb 
is  a  registered  trademark  of  General  Semiconductor  Industries  Inc.  Data  from 
the  catalog  is  used  with  permission  of  that  company. 
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FURTHER  THOUGHTS  ON  LOCATION  OF  LIGHTNING  STRIKE  ZONES  ON  AIRCRAFT 


J.  Anderson  Plumer 
Lightning  Technologies,  Inc. 
560  Hubbard  Avenue 
Pittsfield,  Massachusetts  01201 


ABSTRACT 

In  its  advisory  circular  20-53  "Protection  of  Aircraft  Fuel 
Systems  Against  Lightning",  the  FAA  has  defined  three  lightning 
strike  zones  for  the  purpose  of  establishing  the  environment  to  be 
protected  against  at  various  locations  on  an  aircraft.  More  re¬ 
cently,  SAE  Committee  AE4L  has  refined  these  definitions  to  remove 
some  ambiguities  that  have  existed  and  permit  a  more  definite 
environment  to  be  established  for  design  and  qualification  test 
purposes.  Neither  the  original  FAA  nor  SAE  Committee  definitions, 
however,  prescribe  the  actual  locations  of  these  zones  on  a  par¬ 
ticular  aircraft;  nor  is  this  their  intent.  The  locations  of  each 
zone  are  dependent  upon  the  aircraft's  geometry  and  operational 
factors,  and  may  vary  from  one  aircraft  to  another.  Actual  zones 
are  usually  established  by  the  aircraft  designer  by  reference  to 
past  inflight  experience  with  aircraft  of  similar  design  or  with 
the  aid  of  lightning  strike  tests  on  scale  models. 

This  paper  addresses  some  of  the  questions  that  have  arisen 
recently  concerning  establishment  of  zone  locations  and  boundaries. 
For  example,  an  aircraft  nose  has  always  been  considered  to  be  in 
zone  1A  (a  direct  strike  zone  with  low  probability  of  flash  hang- 
on)  ,  but  the  rearward  extent  of  this  zone  has  not  often  been  es¬ 
tablished.  Whereas  a  lightning  leader  will  almost  always  attach 
to  the  forwardmost  extremity  of  a  nose,  continued  movement  of  the 
aircraft  may  sweep  the  leader  channel  alongside  the  aircraft  for 
a  finite  distance  prior  to  completion  of  the  flash  and  arrival  of 
the  first  return  stroke  (which  is  included  in  the  zone  1A  environ¬ 
ment).  In  the  past,  the  rearward  extent  of  zone  1A  has  been  of 
little  interest  because  most  fuselage  structures  have  had  aluminum 
skins  that  easily  withstand  zone  1A  lightning  currents.  Replace¬ 
ment  of  aluminum  skins  with  advanced  composites,  however,  makes 
this  aspect  of  lightning  strike  zone  location  take  on  much  greater 
importance.  Analysis  shows  that  for  some  aircraft,  zone  1A  may 
extend  several  meters  aft  of  the  nose  or  other  leading  edges,  and 
some  in-flight  lightning  strike  incidents  tend  to  confirm  this. 

The  altitude  and  speed  of  the  aircraft  are  shown  to  be  important 
r ictors  in  establishing  zones,  and  in  determining  the  probability 
’f  severe  strikes  within  these  zones. 
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BACKGROUND 


For  the  purpose  of  establishing  the  lightning  strike  environ¬ 
ment  to  be  protected  atainst  at  various  locations  on  an  aircraft, 
the  FAA,  in  it's  Advisory  Circular  No.  AC  20-53 1  on  protection  of 
aircraft  fuel  systems  against  lightning,  has  defined  three  light¬ 
ning  zones  as  follows : 

(1)  Zone  1 . 

(a)  All  surfaces  of  the  wing  tips  located  within  18 
inches  of  the  tip  measured  parallel  to  the  lat¬ 
eral  axis  of  the  aircraft,  and  surfaces  within 
18  inches  of  the  leading  edge  on  wings  having 
leading  edge  sweep  angles  of  more  than  45  degrees. 

(b)  Projections  such  as  engine  nacelles,  external 
fuel  tanks,  propeller  disc,  and  fuselage  nose. 

(c)  Tail  group:  within  18  inches  of  the  tips  of  hor¬ 
izontal  and  vertical  stabilizer,  trailing  edge 
of  horizontal  stabilizer,  tail  cone,  and  any 
other  protuberances . 

(d)  Any  other  projecting  part  that  might  constitute 
a  point  of  direct  stroke  attachment. 

(2)  Zone  2 .  Surfaces  for  which  there  is  a  probability  of 
strokes  being  swept  rearward  from  a  Zone  1  point  of 
direct  stroke  attachment.  This  zone  includes  sur¬ 
faces  which  extend  18  inches  laterally  to  each  side 
of  fore-and-aft  lines  passing  through  the  Zone  1  for¬ 
ward  projection  points  of  stroke  attachment.  All 
fuselage  and  nacelle  surfaces,  including  18  inches  of 
adjacent  surfaces,  not  defined  as  Zone  1  are  included 
in  Zone  2 . 

(3)  Zone  3 .  Surfaces  other  than  those  covered  by  Zones  1 
&  2 .  Ignition  sources  in  these  areas  would  exist  only 
in  the  event  of  streamering. 

c.  In  connection  with  the  foregoing  the  following  definitions 

apply: 

(1)  Corona:  A  luminous  discharge  that  occurs  as  a  result 
of  an  electrical  potential  difference  between  the  air¬ 
craft  and  the  surrounding  atmosphere. 

(2)  Streamering :  The  branch-like  ionized  paths  that  occur 
in  the  presence  of  a  direct  stroke  or  under  conditions 
when  lightning  strokes  are  imminent. 
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(3)  Swept  Stroke:  A  series  of  successive  direct  strikes 
swept  across  the  surface  of  the  airplane  by  the  motion 
of  the  airplane. 

(4)  Direct  Stroke  Attachment:  Contact  of  the  main  channel 
of  a  lightning  stroke  with  the  aircraft. 

Over  the  years,  the  terms  "swept  stroke"  and  "swept  stroke 
Zone"  have  become  synonymous  with  zone  2,  and  the  terms  "direct 
strike"  and  "direct  strike  zone"  have  meant  zone  1,  although  this 
relationship  has  not  been  specifically  stated  in  AC  20-53.  This 
usage  may  be  unfortunate,  as  will  become  evident. 

AC  20-53  and  prior  editions  were  originally  written  for  appli 
cation  to  aircraft  fuel  system  protection,  an  area  of  primary  con 
cern.  Due  to  the  absence  of  advisory  material  on  protection  of 
other  structures  and  systems,  the  zone  definitions  of  AC  20-53 
have  been  widely  used  to  establish  protection  requirements  for 
the  entire  aircraft.  An  example  of  the  application  of  these  defi 
nitions  to  a  transport  category  aircraft  is  shown  in  Figure  1. 


Figure  1  -  Typical  Aircraft  Lightning  Strike  Zones, 
Determined  from  the  Definitions  of  FAA 
Advisory  Circular  20-53. 


In  accordance  with  the  FAA  definitions,  the  zone  1  regions 
included  all  surfaces  of  the  aircraft  that  are  located  within 
18  inches  of  the  wing  tip  (measured  parallel  to  the  lateral  axis 
of  the  aircraft),  projections  such  as  the  nose,  nacelle  leading 
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edges  and  tail.  Whereas  the  FAA  definitions  describe  zone  1  as 

being  " . within  18  inches  of . (the)  trailing  edge  of  the 

horizontal  and  vertical  stabilizer,  tail  cone  and  any  other  per- 
tuberances"  they  do  not  apply  the  18  inch  criteria  to  surfaces 
behind  leading  edges.  By  custom,  however,  the  first  18  inches  aft 
of  a  leading  edge  or  other  forward-projecting  object  have  also 
been  considered  to  be  within  zone  1.  Surfaces  further  aft  of 
zone  1  areas,  including  "....areas  18  inches  laterally  to  each 
side  of  fore-aft  lines  passing  through  the  zone  1  forward  projec¬ 
tion  points  of  stroke  attachment"  have  traditionally  been  consid¬ 
ered  within  zone  2.  Since  a  lightning  flash  may  exist  for  up  to 
one  second  (or  more,  on  occasion)  and  most  aircraft  can  travel 
more  than  their  own  length  in  this  time,  the  zone  2  regions  have 
usually  been  extended  all  the  way  aft  along  the  fuselage  or  across 
the  wing,  as  was  done  for  the  aircraft  in  Figure  1. 

While  no  rationale  for  the  FAA  definitions  is  included  in 
AC  20-53,  the  18  inch  lateral  extensions  of  zone  1  and  2  account 
for  the  typical  scatter  of  lightning  attachment  points  in  direct 
strike  areas  and  the  tortuosity  of  the  flash  channel  as  it  sweeps 
along  zone  2  surfaces.  In-flight  lightning  strike  experience  has 
tended  to  confirm  this  judgment.  Thus,  in  the  example  of  Figure  1, 
direct  strike  zones  extend  inboard  18  inches  at  the  wing  tips,  and 
the  swept  stroke  zones  across  the  wings  are  36  inches  wider  than 
the  maximum  width  of  the  engine  nacelles .  The  inboard  18  inches 
of  each  wing  are  also  in  zone  2  due  to  their  proximity  to  the 
fuselage. 

The  significance  of  either  of  the  lightning  strike  zones,  of 
course,  is  that  skins,  structures  and  other  objects  located  in 
these  zones  must  be  designed  to  tolerate  the  effects  of  direct  or 
swept  lightning  strike  attachments.  In  Figure  1,  for  example,  the 
integral  fuel  tank  skins  aft  of  the  nacelles  were  required  to  be 
thick  enough  to  withstand  swept  lightning  strike  currents,  where¬ 
as  skins  in  zone  3  would  perhaps  not  have  to  be  this  thick. 

After  the  guidelines  of  AC  20-53  were  in  use  for  a  time, 
several  problems  became  apparent  in  interpretation  of  its  "require¬ 
ments".  Among  these  are: 

1.  No  differentiation  is  made  between  mid-wing  or  mid¬ 
fuselage  surfaces  and  trailing  edges,  even  though 
the  lightning  damage  to  be  expected  at  trailing 
edges  is  known  to  be  much  greater  than  elsewhere, 
due  to  the  longer  dwell  times  involved. 

2.  The  protection  guidelines  of  AC  20-53  appear  to  re¬ 
quire  protection  of  hardware  in  zone  2  against  the 
same  intensity  of  current  (200,000  amperes)  as  is 
suggested  for  objects  in  zone  1,  even  though  the 
actual  lightning  environment  in  these  two  zones  is 
widely  acknowledged  to  be  different. 


Accordingly,  the  FAA  zone  definitions  were  refined  by  the 
Society  of  Automotive  Engineers  (SAE)  Committee  AE4L  on  lightning 
(formerly  called  Special  Task  F  of  Committee  AE4)  to  accommodate 
the  different  lightning  environments  appearing  at  forward  and 
trailing  edge  regions.  This  was  accomplished  by  subdividing  the 
original  definitions  to  provide  for  low  and  high  probabilities  of 
flash  hangon.  The  SAE  Committee  definitions3  are: 

" Zone  1 A:  An  initial  attachment  point  with  a  low 
probability  of  flash  hang-on,  such  as  a 
leading  edge. 

Zone  1 B:  An  initial  attachment  point  with  a  high 
probability  of  flash  hang-on,  such  as  a 
trailing  edge. 

Zone  2a :  A  swept- stroke  zone  with  a  low  probability 
of  flash  hang-on,  such  as  a  wing  mid- span. 

Zone  2 B:  A  swept-stroke  zone  with  high  probability 
of  flash  hang-on,  such  as  a  wing  inboard 
trailing  edge. 

Zone  3:  All  of  the  vehicle  areas  other  than  those 

covered  by  Zone  1  and  2  regions .  In  Zone  3 
there  is  low  probability  of  any  attach¬ 
ment  of  the  direct  lightning  flash  arc. 

Zone  3  areas  may  carry  substantial  amounts 
of  electrical  current  but  only  by  direct 
conduction  between  some  pair  of  direct  or 
swept  stroke  attachment  points." 

For  aircraft  design  and  certification  test  purposes,  the  SAE 
Committee  has  also  established  lightning  currents  to  be  expected 
in  each  zone.  For  this  purpose,  an  idealized  representation  of 
the  components  of  a  complete  lightning  flash  has  been  defined1* 
and  is  reproduced  in  Figure  2 . 

The  current  components  to  be  expected  in  each  zone  are  illus¬ 
trated  in  Figure  3.  The  shaded  components  apply  in  each  zone 
indicated. 
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Figure  2  -  Idealized  Current  Waveform  Components 
for  Qualification  Tests. 
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DIRECT  STRIKE  SWEPT  STRIKE  CONDUCTION  ONLY 


Figure  3  -  Lightning  Current  Components  Expected  in 


THE  PROBLEM 


In  Figures  1  and  4  the  zone  1  or  1A  areas  at  the  nose  and 
other  leading  edges  were  extended  aft  a  distance  of  18  inches  in 
accordance  with  traditional  practice.  Dielectric  structures  such 
as  the  radome,  of  course,  were  considered  as  being  entirely  with¬ 
in  zone  1  even  though  their  length  is  often  longer  than  18  inches, 
but  in  other  cases  the  18-inch  criteria  has  been  followed. 

For  conventional  aluminum  skins ,  the  line  of  demarcation  be¬ 
tween  zone  1A  and  2A  (or  between  zone  1  and  2  using  the  AC  20-53 
definitions)  is  of  little  practical  importance,  because  most  alumi¬ 
num  skins  can  withstand  even  the  first  return  stroke  (SAE  current 
component  A)  with  little  damage. 

If  the  skin  or  structure  aft  of  a  leading  edge  attachment 
point  is  made  of  advanced  composites,  or  other  poorly  conducting 
materials,  the  rearward  extent  of  zone  1A  becomes  of  critical 
importance.  Many  graphite-reinforced  composites  can  tolerate  the 
effects  produced  by  the  zone  2A  currents  without  requiring  addi¬ 
tional  protection,  but  the  return  stroke  (component  A)  designated 
for  zone  1  in  the  SAE  criteria  can  deliver  eight  times  as  much 
energy  than  the  re- strike  current  (component  D)  included  in  the 
zone  2A  requirement,  and  the  resulting  damage  can  be  extensive 
unless  protective  coatings  or  other  methods  have  been  applied. 

Most  protective  measures  add  weight  and  increase  cost.  Thus,  a 
decision  regarding  whether  to  apply  protection  or  not,  (or  even 
whether  or  not  a  composite  should  be  utilized  in  the  first  place) , 
may  depend  directly  on  the  designation  of  the  lightning  strike 
zones,  and  especially  on  a  realistic  determination  of  the  rearward 
extent  of  zone  1A. 

The  significance  of  the  "A"  and  "B"  designation  can  be  seen 
in  the  currents  specified  for  zones  1A  and  IB.  Due  to  the  short 
hang-on  time  for  an  initial  strike  to  a  zone  1A  surface,  only  cur¬ 
rent  components  A  and  B,  are  applied.  But  all  of  the  current 
components  will  be  experienced  by  trailing  edge  surfaces  in  zone  IB. 

An  example  of  an  application  of  the  SAE  zone  definitions  is 
shown  in  Figure  4.  The  designations  of  Figure  4  were  determined 
from  a  scale  model  test,  in  which  a  small  percentage  of  strikes 
attached  to  the  wing  leading  edge  and  to  antennas  along  the  top 
and  bottom  of  the  fuselage.  Until  recently5,  attachments  to  the 
leading  edges  of  conventionally- shaped  wings  (other  than  those 
behind  propellers)  were  not  known  to  have  occurred  in  flight.  The 
recent  exception  was  a  strike  to  the  wing  of  an  Airforce  transport 
aircraft  well  inboard  of  the  tip,  which  is  thought  to  have  caused 
a  fuel  tank  explosion  that  resulted  in  loss  of  the  aircraft. 
Interestingly,  this  was  also  a  high-wing  aircraft. 
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LEGEND 


Figure  4  -  Lightning  Strike  Zones  Determined  from  Scale  Model 
Attachment  Point  Test,  Using  SAE  Zone  Definitions. 

The  question  of  zone  1A  extent  became  important  to  this 
writer  when  confronted  with  several  aircraft  structures  made  ex¬ 
tensively  of  graphite  or  kevlar  TM  reinforced  composites.  At 
first  glance,  it  might  be  considered  that  only  the  nose  or  lead¬ 
ing  edges  and  surfaces  within  18  inches  of  these  edges  are  in 
zone  1A,  but  whereas  zone  1A  is  defined  as  an  "initial  attachment 
point"  the  lightning  environment  for  it  includes  the  first  return 
stroke,  current  component  A. 

Study  of  a  number  of  lightning  strike  incidents  in  which 
moderate- to- severe  damage  occurred  at  forward  locations 
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indicates  that  in  some  cases  the  return  stroke  may  not  arrive 
until  the  lightning  channel  has  swept  considerably  farther  than 
18  inches  aft  of  the  nose  or  leading  edge.  This  is  because  a 
finite  period  may  elapse  between  the  time  the  leader  initially 
attaches  to  a  leading  edge  extremity  and  when  the  leader  has 
reached  its  destination  and  the  return  stroke  is  initiated. 

During  this  period  the  aircraft  has  moved  a  finite  distance 
and  the  leader  channel  has  been  drawn  aft  alongside  the  structure, 
reattaching  periodically  to  spots  in  its  path.  This  situation  is 
illustrated  in  Figure  5. 


Figure  5  -  Leader  and  Return  Stroke  Attachment  Process. 

As  shown  in  Figure  5,  while  flying  at  a  velocity  (va/p)  the 
aircraft  travels  a  distance  (d)  during  the  time  (t)  over  which 
the  leader  is  continuing  its  propagation  to  earth.  This  time  de¬ 
pends  on  the  leader  velocity  (v^)  and  the  aircraft's  altitude  (h) . 
Thus,  the  distance  traveled  is  related  to  the  other  parameters  by: 

v  .  h 

d  'X.  (1) 

l 

The  time  at  which  the  leader  reaches  the  earth  may  be  assumed 
to  be  synonymous  with  the  time  the  return  stroke  reaches  the 


A _ L 


aircraft  because  once  initiated,  the  return  stroke  travels  back  up 
the  channel  at  a  much  higher  velocity  of  about  one  third  the  speed 
of  light. 

A  typical  lightning  leader  travels  at  about  1.5x10s  meters 
per  second6.  (If  this  leader  struck  the  nose  of  an  aircraft  trav¬ 
eling  134  m/s  (300  miles  per  hour)  at  an  altitude  of  3  kilometers 
(10,000  ft)  the  aircraft  would  have  moved  about 

,  (134  m/s)  (3000  m)  m 

(1 . 5x10s  m/ s) 

^  2.68m 

Assuming  that  the  leader  channel  may  sweep  aft  and  reattach 
to  a  spot  this  same  distance  aft  of  the  initial  leading  edge  at¬ 
tachment  point.  Surfaces  this  far  aft  of  the  leading  edge  are 
within  zone  1A. 

The  foregoing  analyses  are  based  on  a  cloud- to-ground  light¬ 
ning  flash  situation.  A  similar  mechanism  would  probably  exist 
for  cloud- to-cloud  discharges,  about  which  less  is  known.  Since 
cloud- to-ground  flashes  are  generally  believed  to  present  the  most 
serious  environment,  the  analyses  in  this  paper  will  continue  to 
represent  the  cloud-to-ground  case. 


LEADER  VELOCITY 

The  velocity  of  a  typical  cloud- to-earth  lightning  leader  has 
been  determined  by  high  speed  photography  and  reported  by  many  re¬ 
searchers  as  being  about  1  or  1.5x10s  m/s.  Schonland,  Malan  and 
Collens6,  for  example,  reported  in  1935  that  the  average  velocities 
of  24  stepped  leaders  of  negative  polarity  ranged  from  1x10 5  to 
13x10s  m/s.  Orville  and  Berger7  measured  a  mean  velocity  of 
2.5x10s  m/s  for  an  upward-progressing  positive  leader  from  a  tower 
on  Monte  San  Salvatore  in  1965.  Uman8  reports  a  typical  average 
stepped  leader  velocity  as  1.5  x10s  m/s  in  1972,  and  more  recently 
Fieux  et  al9,  have  estimated  leader  velocities  of  the  order  of 
0.2  x 10s  to  lx  10s  m/s.  Elsewhere  in  the  literature  one  finds  the 
values  of  1x10s  or  1.5  x10s  m/s  quoted  most  widely.  It  seems 
appropriate,  therefore,  to  utilize  velocities  in  this  range  for 
analyses  of  aircraft  distance  traveled  in  equation  1. 


DISTANCE  TRAVELED  VS.  FLIGHT  CONDITIONS 

From  equation  (1)  it  is  evident  that  the  distance  (d)  which 
the  aircraft  travels  between  the  time  of  leader  attachment  and 
return  stroke  arrival  is  dependent  on  the  aircraft  velocity  and 
altitude,  in  addition  to  the  leader  velocity.  Figure  6  shows  the 
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distances  that  may  be  traveled  under  the  ranges  of  altitude  and 
velocities  throughout  which  most  aircraft  operate,  as  determined 
from  equation  1. 


DISTANCE  TRAVELED  (METERS)  PRIOR  TO  FIRST  RETURN  STROKE 
IF  LEADER  VELOCITY  IS  1.5  X  105  m/s. 


Figure  6  -  Aircraft  Distance  Traveled  prior  to  Return  Stroke 

Arrival  at  Aircraft  as  a  Function  of  Aircraft  Speed 
and  Altitude  for  Leader  Velocity  of  1.5x10s  m/s. 

From  Figure  6  it  may  be  seen  that  a  turbojet  aircraft  cruis¬ 
ing  at  225  m/s  (500  mph)  at  an  altitude  of  9  km  (29,500  ft)  would 
travel  13. 5  m  during  the  time  it  would  take  a  lightning  leader  trav¬ 
eling  1.5  x10s  m/s  to  reach  the  earth  and  initiate  the  return  stroke 
This  is  more  than  the  entire  length  of  some  corporate  jet  aircraft, 
and  implies  that  surfaces  along  the  entire  length  of  such  an  air¬ 
craft  may,  at  times,  be  exposed  to  the  first  return  stroke  of  a 
lightning  flash.  Since  the  first  return  stroke  is  considered  a 
part  of  the  zone  1A  environment,  surfaces  of  the  aircraft  that  are 
exposed  to  the  swept  leader  channel  are  within  zone  1A. 

On  the  other  hand,  a  propeller-driven  aircraft  whose  flight 
envelope  extends  only  to  a  speed  of  135  m/ s  (300  mph)  and  an  alti¬ 
tude  of  3  km  (10,000  ft)  would  travel  only  2.7mbefore  return- 
stroke  arrival  at  these  conditions.  Aircraft  surfaces  aft  of  this 
distance  would  experience  only  the  re- strikes,  intermediate  and 
continuing  currents  characteristic  of  zone  2A. 

The  results  of  Figure  6  were  based  on  a  leader  velocity  of 
1.5x10s  m/s.  If  the  actual  leader  velocity  is  slower  than  this, 
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the  aircraft  will  travel  farther  before  the  return  stroke  is  ini¬ 
tiated,  and  if  the  leader  is  faster,  the  converse  will  be  true. 
Figure  7  shows  the  ranges  of  aircraft  distances  traveled  permitted 
by  leaders  traveling  between  1 x 105  and  2 x 105  m/s.  Figures  6  and 
7  may  thus  be  utilized  to  estimate  the  possible  rearward  extension 
of  zone  1A  for  nearly  all  flight  conditions  presently  in  use. 


AVERAGE  LEADER  VELOCITIES  (x  lO15  m/S ) 
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DISTANCE  TRAVELED  (mFTERS)  RAluR  TO  FIRST  RETURN  STROnE 
TOR  VARIOUS  LEADER  VELOCITIES. 


Figure  7  -  Aircraft  Distance  Traveled  prior  to  Return  Stroke 

Arrival  at  Aircraft  as  a  Function  of  Aircraft  Speed 
and  Altitude  for  Leader  Velocities  of  between  1  x 105 
and  2  x 10 5  m/s . 


APPLICATION  CONSIDERATIONS 

Since  many  of  today's  business  as  well  as  commercial  trans¬ 
port  and  military  aircraft  are  being  designed  to  operate  at  high 
altitudes  and  speeds,  a  large  portion  of  their  surfaces  aft  of 
initial  leader  attachment  points  would,  by  the  results  of  Figures 
6  and  7,  be  considered  as  within  zone  1A.  The  significance  of  this 
has  been  academic  for  conventional  aluminum  structures  because  alu¬ 
minum  skins  can  tolerate  the  lightning  environment  defined  in 
Reference  4  for  zone  1A  about  as  well  as  the  currents  defined  for 
zone  2A.  Skins  and  structures  made  of  advanced  composites,  however, 
are  likely  to  suffer  much  greater  damage  from  the  first  return 
stroke  (SAE  current  component  A)  defined  for  zone  1A  as  compared 
with  the  re-strike  (SAE  current  component  D)  defined  for  zone  2A 


due  to  the  higher  action  integral  involved  (2.0xl06  A2  .  s  as  com¬ 
pared  with  0.25xl06  A2.s).  External  protection  is  frequently  re¬ 
quired  for  composites  in  zone  1A,  whereas  it  often  is  not  for  com¬ 
posites  that  need  only  be  designed  to  withstand  the  zone  2A  environ¬ 
ment.  Since  some  external  protective  measures  entail  considerable 
weight  and  cost  penalties  it  is  important  to  consider  probability 
factors  in  establishing  the  rearward  extent  of  zone  1A  on  parti¬ 
cular  aircraft.  In  particular,  there  are  several  factors  that  com¬ 
bine  to  reduce  the  probability  of  experiencing  a  zone  lA-type  stroke 
at  the  altitude  and  velocity  extremes  of  the  aircraft's  flight  en¬ 
velope  to  an  acceptable-risk  level,  as  follows: 


Most  Strikes  Occur  at  Lower  Altitudes 

Pilot  report  surveys10  indicate  that  most  lightning  strikes 
occur  when  the  aircraft  is  flying  between  1 . 5  km  (5,000  ft)  and 
6  km  (20,000  ft),  when  the  aircraft  is  climbing  or  descending. 
Several  such  surveys  are  presented  on  Figure  8.  This  means  also 
that  the  aircraft  velocity  is  sometimes  less  than  cruise,  with  the 
result  that  strikes  in  the  upper  and  right-hand  regions  of  Figures 
6  and  7  are  less  probable. 


Most  Severe  Strikes  Occur  at  Lower  Altitudes 

Though  not  without  exception,  most  strikes  that  have  inflicted 
severe  damage  to  aircraft  have  occurred  at  altitudes  of  6  km  or  less, 
and  many  of  these  are  at  altitudes  below  the  cloud  base  of  3  km.  In 
most  of  the  cases  of  severe  damage  or  loss  of  the  aircraft  that  are 
known  to  this  author,  the  strike  occurred  at  3  km  or  below.  These, 
of  course,  are  the  return  strokes  intended  for  the  zone  1A  environ¬ 
ment.  In  a  few  cases,  severe  damage  has  occurred  at  cruise  alti¬ 
tudes  of  between  10  and  12  km. 


Strikes  at  High  Altitudes  May  Not  Be  Cloud  -  to  -  Ground 

The  foregoing  analysis  is  based  on  leader  propagation  between 
a  cloud  and  the  ground.  It  is  probable  that  many  of  the  strikes 
occurring  at  cruise  altitudes  above  6  km  do  not  involve  the  ground, 
but  propagate  instead  between  upper  level  charge  centers  in  or  among 
the  clouds.  Much  less  is  known  about  the  nature  of  these  cloud- to- 
cloud  (or  intracloud)  flashes,  but  it  is  probable  that  their  leader 
propagation  times  are  shorter  than  those  of  cloud-to-ground  flashes 
originating  at  high  altitudes.  Again,  this  factor  tends  to  reduce 
the  probability  of  occurrences  in  the  upper  region  of  Figures  7  and 
8,  but  does  not  eliminate  this  possibility.  Flashes  originating  in 
the  upper  reaches  of  a  cloud  have  been  observed  to  propagate  all 
the  way  to  ground. 
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THUNDERCLOUDS  MAY  RISE  TO  60  000  FEET 

^  PERCENT  OF  STRIKES 


Figure  8  -  Aircraft  Lightning-Strike  Incidents  vs  Altitude. 


Rationale  for  Zone  IA  Establishment 

With  the  above  factors  in  mind,  the  information  of  Figure  7 
can  be  used  to  establish  the  lightning  strike  zones  of  a  particular 
aircraft  for  design  and  qualification  test  purposes.  The  rationale 
might  proceed  as  follows: 

1.  All  aircraft  extremities  such  as  the  nose,  wing  and 
empennage  tips,  tail  cone,  wing -mounted  nacelles  and 
other  significant  projections  should  be  considered 
within  a  direct  strike  zone  because  they  are  probable 
initial  leader  attachment  points.  Those  that  are 
forward  extremities  or  leading  edges  should  be  con¬ 
sidered  in  zone  1A,  and  extremities  that  are  trailing 
edges  should  be  in  zone  IB,  in  accordance  with  the 
definitions  of  Reference  3. 
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2.  Since  all  aircraft  fly  at  some  time  at  altitudes 
below  6  km,  the  minimum  rearward  extension  of  1A 
zones  on  a  particular  aircraft  should  be  determined 
by  the  intersection  of  the  aircraft  velocity  line 
with  this  altitude  on  Figure  7.  The  highest  velo¬ 
city  at  which  the  aircraft  operates  for  an  appreci¬ 
able  time  within  this  altitude  should  be  used.  If 
the  aircraft  never  reaches  6  km,  its  normal  cruise 
altitude  should  be  used  instead.  The  aircraft 
velocity  line  associated  with  a  leader  velocity  of 
1.5  x  10 5  m/s  is  adequate.  The  1.  Ox  10  s  and 
2.0x10s  leader  velocities  will  provide  more  or 
less  conservative  results. 

For  most  of  today's  aircraft,  the  above  pro¬ 
cedure  will  result  in  a  rearward  extension  of 
zone  1A  of  4-6  m. 

3.  For  some  aircraft  that  cruise  extensively  at  higher- 
altitudes  and  speeds,  a  further  extension  of  zone  1A 
may  be  appropriate,  especially  if  the  probability  of 
a  flight  safety  hazard  due  to  a  strike  to  an  unpro¬ 
tected  surface  is  high.  But  since  the  probability 
of  severe  strokes  at  the  higher  altitudes  is  lower, 
such  further  extension  of  zone  1A  may  not  otherwise 
be  necessary.  In  other  words,  if  the  flight-safety 
criticality  of  the  surface  (or  other  component  in 
question)  is  high,  it  should  be  considered  as  in 
zone  1A  and  protected  accordingly.  If  not,  it  may 
be  designed  in  accordance  with  the  zone  2A  lightning 
environment,  which  may  require  no  additional  protec¬ 
tion. 

4.  Since  nearly  all  aircraft  can  travel  more  than  their 
entire  length  in  the  one-second  (or  so)  lifetime  of 

a  typical  lightning  flash,  the  balance  of  the  surfaces 
aft  of  zone  1A  should  be  considered  within  zone  2A. 
Trailing  edges  should  be  considered  in  zone  IB  or 
2B,  depending  upon  whether  they  were  reached  by  an 
initial  strike  (zone  IB)  or  a  swept  strike  (zone  2B) , 
in  accordance  with  the  definitions  of  Reference  3 . 
Surfaces  0.5m  (18  in.)  to  either  side  of  those  sur¬ 
faces  actually  in  the  line  of  flight  should  also  be 
considered  within  the  same  lightning  strike  zone,  to 
account  for  small  lateral  movements  of  the  sweeping 
channel . 
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Using  the  above  guidelines,  the  lightning  strike  zones  on 
the  transport  aircraft  of  Figure  1  would  be  modified  as  shown  on 
Figure  9.  In  each  case,  the  zone  1A  regions  are  extended  aft  at 
least  6  m  from  the  initial  leader  attachment  points  at  the  nose 
and  wing -mounted  engine  inlets.  Surfaces  further  aft  are  in 
zone  2A,  and  trailing  edges  behind  zone  2A  are  in  zone  2B. 

For  aircraft  of  conventional  aluminum  structure  the  conse¬ 
quences  of  this  further  extension  of  zone  1A  are  minor.  Aluminum 
skins  of  10mm  (0.040  in.)  or  greater  can  usually  withstand  the 
zone  1A  environment  as  well  as  that  prescribed  for  zone  2A.  Skins 
over  integral  fuel  tanks  are  most  vulnerable  to  the  intermediate 
current  (SAE  current  component  B)  which  is  included  in  both  the 
zone  1A  and  2A  environments  of  Reference  4.  If  the  skins  or  struc¬ 
ture  are  made  of  advanced  composites;  however,  they  are  likely  to 
be  most  vulnerable  to  the  stroke  current,  which  is  eight  times 
more  severe  for  zone  1A  than  for  zone  2A.  This  is  likely  to  affect 
the  design  of  these  structures,  and  may  require  that  conductive 
coatings  or  other  protective  measures  be  incorporated  in  fuselage 
or  engine  nacelle  skins,  for  example,  that  are  now  recognized  as 
being  within  zone  1A. 


CONCLUSIONS 

Based  on  the  analyses  and  in-flight  experience  reported  above, 
the  following  conclusions  can  be  drawn: 

1 .  Zone  1A  is  Really  a  Swept  Stroke  Zone 

The  term  "swept  stroke"  has  heretofore  been  applied  to  strikes 
in  zone  2  or  2A,  but  it  clearly  applies  equally  well  to  zone  1A. 
Nearly  all  first  return  strokes  that  occur  to  an  aircraft  will 
reach  the  aircraft  in  a  swept  leader  channel. 

2 .  The  Rearward  Extent  of  Zone  1A  is  Much  More  Important  for 
Composite  Structures 

Whereas  the  rearward  extent  of  zone  1A  has  heretofore  been 
only  of  academic  interest,  it  is  very  important  to  establish  its 
possible  extent  over  composite  skins  and  structure. 

3 .  An  18"  Aft  Extension  is  Often  Inadequate,  but  the  18"  Lateral 
Criteria,  per  FAA  AC  20-53  is  Appropriate 

It  has  been  shown  that  the  channel  may  sweep  rearward  much 
farther  than  0.5  m  (18  in.)  prior  to  return  stroke  arrival  at  the 
aircraft,  so  use  of  the  "18-inch  rule)  to  locate  the  rearward  ex¬ 
tension  of  zone  1A  is  not  adequate.  Use  of  this  guideline  to  ex¬ 
tend  zone  1A  in  lateral  directions  has  been  shown  by  in-flight 
strike  experience  to  be  generally  appropriate.  The  actual  rearward 
extension  of  zone  1A  is  dependent  upon  the  aircraft's  flight  enve¬ 
lope,  and  this  may  vary  from  one  aircraft  to  another. 
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ical  Aircraft  Lightning  Strike  Zones 
,wing  Rearward  Extension  of  Zone  LA, 
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PRECIPITATION  STATIC  IN 
GENERAL  AVIATION  AIRCRAFT 
W.G.  Butters 

McDonnell  Aircraft  Company 
McDonnell  Douglas  Corporation 


INTRODUCTION 

Precipitation  static  (P-static)  has  been  experienced  in  aircraft  for  years.  Conversations  with  pilots 
and  crewmembers  who  were  flying  prior  to  the  days  of  turbine  powered  equipment  will  elicit  inter¬ 
esting  tales  of  static  charges  and  St.  Elmo’s  Fire.  This  early  experience  with  P-static  usually  proved  to 
be  of  little  consequence  during  routine  flights  because  lower  aircraft  speeds  would  generally  produce 
only  moderate  P-static  problems. 

Today’s  general  aviation  aircraft,  however,  carry  an  array  of  digital  avionics  that  is  very  sensitive 
to  P-static  noise.  With  many  aircraft  that  are  in  operation  today,  it  is  common  to  lose  communica¬ 
tion  and  navigation  avionics  while  just  flying  through  clouds,  without  heavy  precipitation.  In  some 
severe  cases  an  air  data  computer  may  act  up  or  an  R-nav  system  may  lose  all  of  its  waypoints.  In 
many  cases  P-static  is  the  hidden  cause  of  numerous  avionics  problems. 

The  McDonnell  Aircraft  Co.  Lightning  Simulation  Laboratory  has  developed  a  portable  P-static 
test  set  that  has  found  extensive  use  in  the  field  of  general  aviation  aircraft.  This  paper  will  summarize 
the  types  of  P-static  problems  found  on  operating  aircraft. 


P-STATIC  SYMPTOMS 

An  increased  awareness  by  pilots  and  by  maintenance  people  of  problems  that  can  be  caused  by 
P-static  is  helping  to  isolate  new  avionics  problems.  A  review  of  pilot  reports  often  shows  different 
symptoms  with  each  problem  that  is  encountered.  The  following  list  of  problems  is  a  summary  of 
many  pilot  reports  from  many  different  aircraft.  Each  problem  was  caused  by  P-static: 

•  Complete  loss  of  VHF  comms 

•  Magnetic  compass  30°  in  error 

•  Aircraft  flies  with  one  wing  low  while  autopilot  is  on 

•  High  pitched  squeal  on  audio 

•  Motor  boat  sound  on  audio 

•  Loss  of  all  avionics  in  clouds 

•  VLF  navigation  system  inoperative  most  of  the  time 

•  Erratic  instrument  readouts 

•  “Center”  suggested  repairing  poor  radios 

•  “St.  Elmo’s  Fire”  on  windshield 

In  general,  each  of  these  symptoms  is  caused  by  one  general  problem  on  the  airframe.  This  prob¬ 
lem  is  the  inablility  of  the  accumulated  charge  from  triboelectric  charging  (P-static)  to  flow  easily  to 
the  wingtips  and  tail  of  the  airframe,  and  be  properly  discharged  to  the  airstream. 
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THE  CAUSE  OF  P-STATIC 


When  an  aircraft  moves  through  the  air  it  strikes  microscopic  sized  particles  of  dust,  snow,  smoke, 
ice  crystals,  etc.  These  particles,  in  turn,  deposit  a  charge  upon  the  airframe  at  the  point  of  impact. 
One  ice  crystal  impact,  for  example,  deposits  up  to  50////  coul/*  ^on  the  airframe.  The  accumulation 
of  these  charges  on  the  aircraft  and  the  subsequent  corona  discharge  form  the  aircraft  wingtips  and 
tail  is  generally  assumed  to  cause  most  of  the  P-static  noise.  Therefore  static  dischargers  of  one  kind 
or  another  are  usually  installed  on  the  aircraft.  However,  in  practice  it  has  been  found  that  on  busi¬ 
ness  aircraft  P-static  problems  are  caused  more  often  by  sparking  or  streamering  as  charge  moves  on 
the  aircraft.  The  electrical  noise  is  not  a  direct  result  of  the  charge  movement  but  rather  is  caused  by 
electrical  discontinuities  in  the  airframe.  Problem  areas  on  the  airframe  can  be  isolated  to  general 
areas  of  concern  such  as  poor  bonding  or  improper  treatment  of  dielectric  surfaces.  Each  airframe, 
however,  must  be  treated  as  an  individual  case.  Because  of  different  maintenance  histories  and  oper¬ 
ation  of  the  various  aircraft,  these  types  of  P-static  problems  vary  from  one  aircraft  to  another,  even 
among  aircraft  of  the  same  type. 


DISCHARGE  WICKS 

Very  little  information  about  static  wicks  exists  in  the  general  aviation  community.  There  is  a  lot 
of  misinformation  and  general  lack  of  knowledge  of  how  wicks  work,  where  they  should  be  placed, 
and  what  to  avoid  with  static  wicks. 

Figure  1  shows  one  typical  wick  installation.  In  this  example  the  wicks  are  bunched  together  and 
are  not  the  resistive  type.  Although  this  installation  will  lower  the  corona  threshold  of  the  aircraft,  it 
does  not  offer  any  noise  attenuation  benefits  and  thus  avionics  still  suffer  from  the  broadband  RF  noise. 

Figure  2  is  an  example  of  three  problems  showing  up  on  one  installation.  Two  types  of  wicks  are 
mounted  in  the  same  general  location.  The  wick(s)  with  the  lowest  corona  threshold  will  operate  in  a 
normal  fashion  but  the  remaining  wick(s)  will  ride  along  as  added  weight.  The  second  problem  is  that 
this  installation  has  bunched  the  wicks  in  pairs  in  an  attempt  to  achieve  both  mechanical  strength  and 
to  reduce  the  electrical  noise.  In  this  approach,  the  strength  is  acheived  but  the  close  spacing  of  the 
wicks  reduces  their  total  effectiveness.  This  touches  on  the  third  problem  of  spacing.  The  wicks 
must  maintain  a  space  between  each  other  so  that  their  effectiveness  will  be  maximized.  These  wicks 
must  be  placed  far  enough  apart  so  that  the  corona  discharge  from  each  doesn’t  reduce  the  operational 
characteristics  of  the  other. 

Figure  3  is  an  example  of  two  wicks  that  can  interfere  with  each  other’s  operation.  Although 
their  location  on  the  airframe  is  correct,  the  second  wick  (on  either  wing)  reduces  the  operational 
capability  of  both. 

Figure  4  shows  again  a  mixed  wick  installation  but  this  aircraft  has  the  “V”  type  of  VOR  antenna 
instead  of  the  blade  antenna  as  shown  in  Figure  3.  This  “V”  antenna  has  a  lower  corona  threshold 
than  does  the  blade  antenna.  With  the  use  of  this  antenna  relatively  modest  amounts  of  P-static 
charge  will  cause  the  navigation  receivers  to  lose  signal. 
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Aircraft  Wing  Problem  Areas 


The  main  problem  area  on  the  aircraft  wing  is  at  the  leading  edge  boot  or  slat.  In  both  cases  when 
the  aircraft  strikes  particles  in  flight  the  accumulated  charge  that  develops  upon  the  leading  edge  of  tht 
wing  must  migrate  to  the  wingtip.  This  electron  migration  causes  the  charge  to  move  aft  and  outboard 
where  there  are  often  airframe  problem  areas  that  can  cause  RF  noise.  At  the  seam  of  the  leading  edge 
boot  or  at  the  slat  there  can  be  a  noise  problem.  If  the  boot  has  aged  and  pulled  away  slightly  from 
the  wing  or  if  the  slat  has  corrosion  or  a  paint  buildup  combined  with  a  grease  dielectric  Film  on  the 
track,  then  the  condition  exists  to  have  a  P-static  problem  at  these  gap  areas.  The  problem  here  is 
caused  by  charge  jumping  the  small  gap  between  the  leading  edge  and  the  rest  of  the  wing.  This  repetitive 
arcing  generates  the  broadband  noise  that  is  received  by  the  radios  and  in  some  cases  enters  the  avionics 
by  way  of  the  interconnect  wiring.  Other  instances  have  been  found  where  field  repairs  or  modifications 
have  resulted  in  isolated  pieces  of  metal  in  the  current  flow  path  which  lead  to  arcing  under  P-static 
conditions.  A  leading  edge  boot  installation  is  shown  in  Figure  5. 


FIGURE  5 

LEADING  EDGE  BOOT 


Aircraft  Windshield  Problems 

The  aircraft  windshield  is  a  source  of  P-static  problems  with  some  aircraft.  As  the  charge  accumulates 
on  this  dielectric  surface,  a  clean  nonconducting  windshield  will  reach  the  flashover  point.  This  flashover 
point  is  where  the  electrons  discharge  suddenly  onto  the  airframe  and  generate  R.F.  noise.  Some  aircraft 
use  windshields  that  are  slightly  conductive  on  the  outer  surface  and  eliminate  this  problem. 

Figure  6  shows  a  high  voltage  test  Fixture  that  is  mounted  on  the  windshield  of  an  aircraft  to  test 
for  noise.  The  flat  black  plate  is  a  conductive  material  that  holds  the  sharp  spikes  that  generate  corona. 
The  corona  action  causes  electrons  to  be  deposited  on  the  aircraft's  windshield.  Figure  7  shows  a  similar 
test  being  performed  on  a  lower  communication  blade  antenna. 
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FIGURE  7 

TEST  FIXTURE  ON  LOWER  COMM  ANTENNA 


Aircraft  Radome  Problems 


* 


The  last  problem  area,  and  one  of  the  most  common  sources  of  P-static  RF  noise,  is  the  radome. 
Here  there  are  two  sources  of  noise.  The  First  source  is  the  dielectric  material  of  the  radome.  This 
material  acts  in  the  same  way  that  the  windshield  does,  in  that  the  charges  attempt  to  move  to  the 
airframe  by  flashing  across  the  surface.  If  the  radome  has  been  coated  with  an  antistatic  paint,  then 
the  movement  of  these  electrons  is  continuous  and  controlled  and  is  noise  free. 

The  second  source  of  noise  at  the  radome  is  the  lightning  diverter  strip.  These  strips  of  metal  often 
loose  their  good  electrical  bond  to  the  airframe  with  small  amounts  of  dirt  and  corrosion  accumu¬ 
lating  at  the  attachment  point.  When  this  electrical  bond  point  is  no  longer  a  direct  short,  intense 
noise  is  generated  by  the  microscopic  spark  gap  that  is  located  at  this  poor  bonding  point.  Because 
this  noise  source  is  very  close  to  the  avionics  bay  and  most  of  the  associated  aircraft  wiring,  this  one 
source  of  noise  can  have  a  most  devastating  effect  upon  the  avionics. 


Testing  for  Noise 

The  location  of  trouble  areas  on  each  aircraft  involves  the  use  of  various  high  voltage  set  ups  to 
simulate  the  P-static  charging.  Each  area  on  the  aircraft  is  subjected  to  simulated  P-static  current 
flow  while  the  aircraft  avionics  are  monitored.  By  using  high  voltage  probes  at  30  to  50  thousand 
volts,  each  of  the  static  wicks  are  probed  for  corona  current  flow.  Here,  poor  base  mounts,  broken 
resistance  elements,  or  poor  airframe  bonding  will  show  up  on  the  radios  as  noise. 

The  windshields,  radome  and  antennas  are  tested  as  shown  in  Figures  6  and  7.  With  this  test  the 
high  voltage  is  applied  to  a  flexible  plate  that  contains  numerous  sharp  spikes  (corona  generators).*^) 
The  charge  from  the  spikes  accumulates  on  the  dielectric  surface  in  a  fashion  similar  to  P-static 
buildup  and  if  the  surface  is  a  source  of  RF  noise  then  the  result  shows  up  on  the  avionics. 

Because  each  aircraft  is  unique  in  its  history  and  avionics  installation,  each  must  be  approached  as  an 
individual  test  problem.  In  most  cases,  tests  of  the  areas  that  have  been  mentioned  as  problem  spots 
will  reveal  the  location  of  P-static  noise  problems.  The  exact  location  of  the  problem  can  generally 
be  found  with  the  high  voltage  test  probe  technique  very  quickly.  Most  P-static  tests  require  less  than 
one  day  to  setup  equipment  and  locate  the  problem  area. 


Reference:  (1)  J.  E.  Nanevicz,  “Static  Electricity  Phenomena:  Theory  and  Problems,”  Conference  on 
Certification  of  Aircraft  for  Lightning  and  Atmospheric  Electricity  Hazards,  ONERA- 
Chatillon,  France  (September  1978). 

Reference:  (2)  R.  C.  Twomey,  “Laboratory  Simulated  Precipitation  Static  Electricity  and  Its  Effects 
on  Aircraft  Windshield  Subsystems,”  1977  IEEE  International  Symposium  on  EMC. 
Seattle,  Washington  (August  1977). 
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GLOSSARY  OF  TERMS 


Broadband  noise  -  radiated  electrical  energy  causes  a  signal  to  be  present  over  a  large 

portion  of  the  radio  frequency  spectrum  and  acts  to  “jam”  normal  tuned 
incoming  radio  signals. 

Corona  -  a  blue  electrical  discharge  (current)  from  a  conductor  into  the  air.  At 

nightime  this  effect  is  seen  as  a  glow  around  sharp  pointed  metallic 
objects. 

Corona  threshold  -  a  voltage  level  at  which  the  airframe  begins  to  discharge  its  accumulated 

electrical  charge. 

Dielectric  surface  -  a  nonconducting  material  that  is  able  to  retain  accumulated  charge. 

Electron  migration  -  The  equalization  of  skin  potential  by  the  redistribution  of  electrons 

around  its  electrical  conducting  skin. 

Lightning  diverter  strip  -  a  metal  strip  usually  found  on  the  radome,  used  as  a  protective  device  for 

the  radome  and  radar  in  case  of  a  direct  stroke  to  the  radome  area. 


LIGHTNING  PROTECTION  TECHNIQUES  FOR  RADOMES  HAVING 
FORWARD  MOUNTED  PITOTS 
A.W.  Hanson 

Culham  Laboratory,  England 


This  paper  contains  information  derived  during  the  course  of  contracts  with 
the  United  Kingdom  Ministry  of  Defence  and  the  Swedish  Ministry  of  Defence. 


1 .  INTRODUCTION 

For  the  most  part  aircraft  with  pitot  booms  mounted  in  front  of  the 
forward  radome  are  supersonic,  or  very  high  speed  aircraft,  where  the  radar 
obscuration  of  a  forward  mounted  pitot  is  traded  off  against  the  need  for  the 
pitot  to  be  placed  well  forward  in  relatively  undisturbed  air.  The  long 
forward  mounted  pitot  is  the  dominant  stress  raiser  and  this,  coupled  with  the 
typical  constructional  features  of  r adomes  normally  associated  with  forward 
mounted  pitots,  tends  to  relegate  the  problem  of  direct  puncture  of  the  radome 
skin  to  a  position  of  low  importance.  The  pitot  boom  is  predominantly  the 
major  point  of  initial  attachment  in  the  radome  region,  and  it  is  unlikely 
that  the  arc  channel  will  develop  sufficient  voltage  to  puncture  the  radome 
during  subsequent  sweeping. 

This  paper  therefore  deals  only  with  the  problems  that  arise  from  a 
strike  to  the  forward  mounted  pitot,  and  some  possible  solutions  of  these 
problems . 

2.  THE  HAZARD  OF  THE  UNPROTECTED  PITOT 

Consider  the  case  of  a  forward  mounted  pitot  having  no  electrical 
connections  to  the  airframe,  or  the  main  electrical  systems  save  for  the  pitot 
heater  cables.  This  system  has  the  operational  advantage  that  any  additional 
radar  obscuration  over  and  above  that  of  the  pitot  boom  itself  can  be  kept  to 
an  absolute  minimum.  To  this  end  the  pitot  heater  cables  cross-section  will 
be  no  greater  than  that  required  to  carry  heater  current.  In  the  event  of  a 
strike  to  an  unprotected  pitot  the  lightning  stroke  easily  punctures  the 
pitot  heater  insulation,  and  flows  to  the  airframe  via  the  heater  cables.  The 
following  effects  then  occur.  Firstly  a  massive  voltage  transient  is  injected 
into  the  aircraft's  electrical  system,  and  secondly  the  heater  cables  can  fuse 
explosively.  The  fusing  of  the  cables  and  the  subsequent  lightning  arc  inside 
the  radome  causes  dangerous  over-pressures,  and  incidents  have  been  recorded 
where  such  over-pressures  have  detached  the  radome  from  the  aircraft,  or  have 
caused  major  structural  damage  to  the  airframe  immediately  behind  the  radome. 
Incidents  have  also  been  recorded  where  the  injected  voltage  transients  have 
had  catastrophic  effects  on  the  aircraft's  electrical  and  avionic  fit.  In  one 
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case  within  the  author's  experience  voltage  transients  in  the  pitot  heater 
cables  are  believed  to  have  caused  the  operation  of  the  cockpit  canopy  ejec¬ 
tion  circuit. 

3.  PROTECTION  AGAINST  CURRENT  IN  THE  HEATER  CABLES 

3. 1  Case  1  -  The  External  Divertor  Strip 

The  first  and  obvious  method  of  protecting  the  heater  cables  from  the 
lightning  currents  is  to  provide  an  alternative,  and  preferred  route,  for  the 
lightning  currents.  This  is  easily  supplied  by  fitting  an  external  conducting 
strip  from  the  pitot  boss  to  the  main  aircraft  frame  (see  Fig.  1).  In  prac¬ 
tice,  where  a  two-wire  heating  circuit  is  used  no  lightning  currents  will 
flow  in  the  cable  and  no  voltage  transient  will  be  injected  into  the  aircraft 
wiring  so  long  as  the  heater  insulation  does  not  fail. 


Figure  I  Protection  by  External  Divertor  Strip  only 

It  should  be  noted  that  if  the  external  strip  is  used  as  an  'earth 
return'  for  the  heater  circuit,  this  will  bridge  the  heater  insulation  and  will 
have  the  same  effect  electrically  as  a  two-wire  system  having  a  failed  insula¬ 
tion.  All  future  comments  in  this  paper  therefore  will  relate  to  two-wire 
systems,  and  all  'single  wire  earth  return'  systems  will  be  considered  as  two- 
wire  systems  with  a  failed  insulation.  Single  wire  earth  return  systems  are 
clearly  not  suitable  for  this  application. 

Two  types  of  voltage  will  stress  the  heater  insulation.  They  are  the 
resistive  voltage  drop  along  the  divertor  strip,  and  the  voltage  induced  in 
the  heater  cable/divertor  strip  loop  due  to  coupling  with  the  rapidly  changing 
magnetic  field  around  the  divertor  strip.  The  permissible  thickness  of  heater 
insulation  is  restricted  by  heat  transfer  requirements,  and  the  levels  of 
insulation  achievable  in  a  practical  case  could  easily  be  breached  by  the 
inductively  coupled  voltages.  The  use  of  wires,  or  foils  to  reduce  the  radar 
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obscuration  of  an  external  divertor  strip  is  also  not  acceptable.  The  external 
divertor  must  be  able  to  carry  the  full  action  integral  of  the  strike  without 
melting  or  fusing,  as  the  voltages  appearing  across  the  resulting  arc  would  be 
sufficient  to  rupture  the  heater  insulation,  and  thereby  cause  lightning 
currents  to  flow  in  the  heater  cables. 

3.2  Case  2  -  The  Internal  Lightning  Divertor 

The  magnitude  of  the  inductively  coupled  voltage  stressing  the  insula¬ 
tion  will  be  determined  by  the  total  flux  which  appears  between  the  heater 
cables  and  the  divertor  strip.  The  closer  the  cables  are  to  the  divertor  strip 
the  less  flux  appears  between  them  and  the  lower  will  be  the  voltage  due  to 
fast  flux  coupling  that  will  stress  the  insulation.  This  is  the  case  therefore 
for  taking  the  divertor  strip  inside  the  radome.  If  the  divertor  strip  is  now 
made  in  the  form  of  a  circular  cross-section  tube  which  totally  encloses  the 
cable  throughout  its  entire  length,  there  will  be  no  inductive  coupling  with 
the  heater  cables,  and  the  only  voltage  stressing  the  heater  insulation  will 
be  the  IR  drop  along  the  divertor  conduit.  Unless  the  heater  insulation  fails 
no  lightning  currents  will  flow  in  the  heater  cables  and  no  voltage  transients 
will  be  injected  into  the  electrical  system.  In  the  event  of  a  heater  insula¬ 
tion  failure,  the  injected  voltage  transient  will  be  limited  to  the  IR  drop  in 
the  divertor  conduit,  and  this  will  probably  be  below  the  normal  hardening 
level  of  the  circuit.  To  work  correctly  the  conduit  must  be  well  bonded  at 
both  the  pitot  and  the  airframe. 

NOTE:  The  use  of  metallic  air  data  lines  as  an  internal  divertor  is 
not  recommended,  as  it  does  not  prevent  magnetically  coupled  voltages,  and 
lightning  damage  to  the  pipes  could  cause  loss  of  air  speed  data. 

3.3  Case  3  -  Hybrid  Systems 

The  combination  of  an  internal  conduit  with  a  solid  divertor  strip  can 
be  used  to  reduce  the  IR  voltage  stressing  the  heater  insulation.  Alterna¬ 
tively  it  can  be  used  to  reduce  the  dimensions  of  the  conduit  in  order  to 
lessen  the  degradation  of  the  radar  performance,  as  the  total  action  integral 
can  be  shared  between  the  conduit  and  the  additional  divertor  strip.  The 
additional  divertor  strip  may  be  either  outside  or  inside  the  radome.  In  the 
former  case  the  strip  may  be  located  in  the  'radar  shadow'  of  the  conduit. 

Where  an  additional  internal  divertor  is  used  it  may  be  placed  anywhere  in  the 
radome  that  best  fits  the  radar  performance  requirements.  This  technique  was 
applied  successfully  to  a  particular  aircraft  and  the  radar  obscuration  was 
minimised  by  using  a  copper  conduit  of  only  5mm  (0.2")  outside  diameter, 
together  with  a  copper  wire  of  only  2.5mm  (0.1")  diameter.  Simply  designed 
energy-absorbing  rubber  mountings  formed  part  of  an  elegant  and  effective 
solution  to  the  problems  of  the  magnetic  forces  mentioned  later  in  this  paper. 
The  system  has  been  proven  to  give  effective  protection  both  by  laboratory 
tests  and  by  natural  lightning  strikes  in  service. 

Systems  using  a  conducting  conduit  totally  enclosing  the  heater  cables 
with  or  without  additional  divertors,  can  give  complete  protection  against 
the  previously  mentioned  hazards  arising  from  a  strike  to  the  pitot  boom.  The 


protection  system  itself  however  can  be  subjected  to  intense  mechanical  forces 
due  to  magnetic  interaction  between  the  currents  in  the  different  sections  of 
the  system,  or  between  the  currents  in  the  system  as  a  whole  and  the  arc 
chrrnel.  These  forces  must  be  considered  and  the  protective  system  designed 
to  withstand  them. 

4  MAGNETIC  FORCES 

In  natural  lightning  the  maximum  di/dt  occurs  close  to  the  time  of 
maximum  current.  The  maximum  magnetic  forces  therefore  occur  at  a  time  when 
the  current  distribution  in  the  protection  system  is  inductively  dominated. 

In  calculating  the  forces  the  inductive  current  distribution  in  the  system 
must  be  related  to  the  position  of  the  arc  channel  at  peak  current.  Two 
extremes  of  arc  channel  interaction  are  considered. 

4.1  Minimum  Arc  Channel  Interaction 

There  will  be  no  magnetic  interaction  between  the  protective  system 
and  the  arc  channel  when  the  two  lightning  attachment  points  are  the  pitot 
head  and  the  rear  of  the  aircraft,  with  the  lightning  channel  lying  horizont¬ 
ally  along  the  flight  path  (see  Fig.  2). 
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Figure  2  Minimum  Arc  Channel  Interaction  Situation 


In  these  circumstances  a  simple  system  such  as  described  in  Section  3.2 
will  experience  no  gross  magnetic  forces  although  there  may  be  some  localised 
danger  points  as  described  later  in  Section  4.3. 

In  the  more  complex  hybrid  systems  there  will  be  some  interaction 
between  the  two  component  parts  of  the  system.  The  case  of  the  external 
divertor  strip  is  shown  in  Fig.  3. 

The  gross  magnetic  forces  draw  the  two  sections  together.  With  an 
external  strip  10mm  wide  and  30mm  from  the  conduit  the  peak  force  for  a 
200kA  pulse  would  be  66,000  N/m  (*  6.5  tons/m)  for  its  entire  length.  It 
will  be  noted  that  the  direction  of  the  force  is  such  that  the  system  compo¬ 
nents  are  supported  against  these  forces  by  the  radome  wall.  Nevertheless 
with  such  high  forces  the  conduit  can  be  flattened  against  the  radome  wall 
or  pierced  by  any  external  strip  fixing  screws  that  protrude  through  the 
radome  wall. 
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Figure  3  Magnetic  Forces  on  Conduit  and  External  Strip  for  Minimum  Arc 
Channel  Interaction  Condition. 

The  case  of  the  internal  additional  divertor  strip  is  shown  in  Fig.  4. 
Again  the  forces  draw  the  two  components  together.  The  much  greater  distance 
between  the  conductors  dramatically  reduces  the  forces  acting  upon  them  over 
most  of  the  distance.  For  example,  at  a  point  where  the  radome  diameter  is 
1.5m  a  peak  current  of  200kA  would  produce  a  peak  force  of  only  1,333  N/m 
(293  lbs/m).  At  the  forward  end,  where  the  two  conductors  converge,  the  effect 
of  their  closer  proximity  is  offset  to  some  considerable  extent  by  the  wide 
angle  between  their  two  paths. 
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4.2 


Maximum  Arc  Channel  Interaction 

If  a  step  leader  attaches  to  the  pitot  boom  and  then  proceeds  from 
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Figure  A  Magnetic  Forces  on  Conduit  and  Internal  Divertor  Strip  for 
Minimum  Arc  Channel  Interaction  Conditions 

some  other  attachment  point  on  the  aircraft  towards  the  ground,  there  will 
clearly  be  some  delay  between  the  time  of  the  initial  leader  attachment,  and 
the  time  of  the  arrival  of  the  first  return  stroke.  During  this  delay  the 
aircraft  will  have  moved  forward  and  some  degree  of  sweeping  of  the  leader 
channel  will  have  occurred.  The  swept  leader  velocity  lies  between  5  x  10^m/s 
and  3  x  iO^m/s,  and  the  return  stroke  velocity  lies  between  )  x  10?m/s  and 
1  x  lO^m/s.  With  an  aircraft  altitude  of  between  1,500  and  3,000m,  the  time 
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interval  between  the  initial  leader  attachment  and  the  arrival  of  the  return 
stroke  will  vary  from  0.5  x  10”-*  s  and  60xl0“3s.  If  the  aircraft  speed  is 
considered  to  be  in  the  range  66m/s  (150  mph)  and  200m/s  (450  mph)  the  distance 
travelled  by  the  aircraft  in  the  time  range  given  can  vary  between  0.033m  and 
12m.  In  addition  the  original  leader  path  could  be  virtually  anywhere  within 
something  like  a  270°  solid  angle.  Clearly  therefore  there  is  a  vast  number 
of  combinations  of  the  parameters  within  the  limits  given  above  which  can  set 
the  conditions  where  the  return  stroke  arrives  at  the  pitot  boom  via  a  channel 
lying  back  close  to  the  radome  wall,  as  shown  in  Fig.  5. 


Figure  5  Maximum  Arc  Channel  Interaction  Condition 

In  these  circumstances  the  simple  system  (Section  3.2)  will  experience 
a  force  due  to  the  interaction  of  the  current  in  the  protection  system  and  the 
magnetic  field  of  the  lightning  channel  forcing  the  cable  conduit  inwards  into 
the  radome  interior.  With  the  channel  very  close  to  the  radome  wall  giving  a 
conduit/channel  distance  of  say  60mm  and  a  peak  current  of  200kA,  the  peak 
inward  force  would  be  133,000  N/m  ('v  13  tons/m)  see  Fig.  6. 

For  hybrid  systems  the  forces  are  in  general  lower,  as  the  current  in 
the  reacting  components  is  reduced  by  a  factor  of  about  2. 

Figure  7  shows  the  forces  acting  on  a  system  using  an  external  strip. 
Assuming  equal  sharing  of  the  current  either  side  of  the  new  attachment  point, 
viz.  the  worst  case,  then  the  peak  inward  force  on  the  conduit  will  be 
66,000  N/m  (^  6.5  tons/m). 

Where  an  internal  strip  is  used  the  current  in  the  conduit  is  reacting 
to  the  magnetic  field  of  the  full  lightning  current  but  the  distance  to  the 
arc  channel  will  be  greater  than  the  distance  to  an  external  strip.  For  a 
distance  of  60mm  between  arc  channel  and  conduit  the  peak  force  will  be 
67,200  N/m  ('v  6.5  tons/m).  See  Fig.  8. 
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Figure  6  Magnetic  Forces  Acting  on  a  Simple  Conduit  Protection  System 
for  Maximum  Arc  Channel  Interaction  Conditions. 


The  forces  wilt  be  similar  in  magnitude 
to  those  shown  in  Fig.  3,  but  the 
direction  of  the  force  will  differ  as 
shown  above. 


Figure  7  Magnetic  Forces  on  Conduit  and  External  Strip  for  Maximum 
Arc  Channel  Interaction  Condition. 
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The  arrows  F^.f^.and  FD  indicate  the  direction 
of  the  forces  on  the  Arc  channel,  Conduit  and 
Internal  divertor  respectively.  These  forces  are 
in  addition  to  those  shown  in  Fig.4. 

Figure  8  Magnetic  Forces  on  Conduit  and  Internal  Divertor  for  Maximum 
Arc  Channel  Interaction  Conditions 

4.3  Localised  Danger  Points 

Sections  4.1  and  4.2  above  deal  with  gross  peak  forces  acting  upon  the 
components  of  the  various  protection  systems.  Additional  localised  forces  of 

llll.  lgh  m?8nitude  <:an  also  bf  generated  at  various  conductor  junctions  unless 
great  care  is  taken  in  the  design  stage.  The  main  criterion  is  to  consider  the 
inductively  dominated  current  path  either  side  of  the  true  point  of  electrical 
contact,  and  the  forces  arising  from  this  current  path.  In  this  respect  it 
is  important  to  remember  that  two  rivetted  or  bolted  surfaces  that  have  been 
anodised  or  otherwise  surface  protected  can  only  be  considered  to  be  in  true 

,C!?itaCt  f  the  r-Vet  °r  b0lt'  ^  li8htnin8  currents  are  concen¬ 
trated  m  small  conductors  in  these  systems  and  these  high  current  densities 

can  cause  danger  points  m  places  where  they  are  least  expected.  Many  cases 
couid  be  quoted  but  the  principles  are  established  in  the  example  shown  in 

9’  ..v?  8h°WS  3  Plt0t  heater  cable  conduit  fastened  to  a  forward  bulk¬ 
head,  and  being  secured  on  the  rear  side  by  an  anodised  aluminium  bracket. 
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Figure  9  Magnetic  Forces  at  a  Typical  Local  Problem  Area. 


The  current  path  produces  parting  forces  between  faces  A  and  B.  The 
distance  (d)  between  the  current  paths  at  faces  A  and  B  depends  upon  the  depth 
of  anodising  and  the  currents  skin  depths.  It  is  however  very  small  compared 
to  the  width  of  the  bracket  (b) .  If  £  is  the  length  of  the  bracket  the  parting 
force  will  be 


F 


yo  I 
2b 


newtons 


If  the  bracket  is  assumed  to  be  25mm  wide  x  50mm  long  (1"  x  2")  and 
the  peak  current  is  200kA,  then  the  peak  parting  force  will  be  50,000  N 
(*>/  5  ton).  An  alternative  method  of  mounting  a  conduit  on  a  bulkhead  avoid¬ 
ing  these  forces  is  shown  in  Fig.  10. 

5  METHODS  OF  TESTING 

Whilst  it  is  possible  to  calculate  the  peak  forces  that  may  occur 
during  a  lightning  strike,  the  effect  of  such  pulsed  forces  on  a  structure 
will  depend  upon  the  duration  and  waveform  of  the  pulse,  and  the  mechanical 
response  of  the  structure.  During  the  short  duration  of  these  pulsed  forces 
the  mass  of  the  structure  may  prevent  it  from  being  appreciably  displaced  due 
to  its  relatively  slow  mechanical  response  time.  Maximum  mechanical  stresses 
occur  at  maximum  deflection  when  all  the  kinetic  energy  is  converted  into 
strain  energy.  For  design  purposes  it  is  convenient  to  define  an  equivalent 
force  Fe  which  if  applied  continuously  would  produce  the  same  stress  as  the 


i 
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I  Current  path 


Figure  10  Alternative  Arrangement  for  Detail  shown  in  Fig.  9 

pulsed  force.  In  unpublished  work  in  1959,  T.E.  James  of  the  Culham  Laboratory 
established  a  relationship  between  the  effective  force  (Fe)  and  the  peak  force 
(F0)  in  terms  of  t  the  pulse  decay  time,  and  w  the  mechanical  angular  frequency 
of  the  structure.  The  effects  of  t  and  co  as  applied  to  forces  arising  from 
magnetic  interaction  during  a  lightning  strike  can  be  summarised  as  follows:- 

1.  If  t  is  very  much  smaller  than  ^  as  for  relatively  heavy  and/or 
flexible  structures,  the  effective  force  will  be  much  smaller 
than  the  peak  force  and  will  be  roughly  proportional  to 

2.  If  t  is  very  much  bigger  than  ^  as  for  light  stiff  systems  the 
effective  force  roughly  equals  twice  the  peak  force.  For  this 
doubling  of  the  peak  force  to  occur  the  current  rise  time  must 
be  very  much  « 

3.  If  t  -  — •  the  effective  force  is  approximately  45%  of  the 
peak  force. 


The  interactions  between  pulsed  forces  and  the  structure  are  often 
difficult  to  compute,  and  full  scale  testing  is  often  the  only  satifactory  way 
of  establishing  the  total  effect  of  these  forces  on  the  protection  system. 

Some  comments  on  general  testing  technology  are  therefore  appropriate. 

5.1  The  General  Case 

The  first  and  apparently  simplest  approach  is  to  test  the  system 
fully  mounted  on  its  radome.  A  radome  is  however  a  very  expensive  piece  of 
equipment,  and  as  it  is  essentially  constructed  of  dielectric  material,  its 
serves  no  useful  purpose  in  itself  in  tests  intended  to  investigate  induced 
voltages  and  magnetic  forces.  A  simple  open  wooden  frame  could  alternatively 
be  used  providing  there  is  suitable  replication  of  the  protection  system's 
support  devices.  Representative  sections  of  the  radome  wall  could  be  used 
in  places  where  the  radome  wall  strength  is  likely  to  be  a  significant  factor. 
The  rear  section  of  the  system  under  test  should  terminate  in  a  closed  metal 
box  representative  of  the  aircraft  fuselage.  This  box  can  be  used  to  contain 
diagnostic  probes,  and  items  of  electrical  significance  such  as  simulated  bus¬ 
bar  impedances.  The  shape  and  size  of  the  box  is  generally  unimportant  but 
care  must  be  taken  to  reproduce  the  entry  points  of  cable  conduits  and 
divertor  strips  as  faithfully  as  possible,  so  that  localised  forces  described 
in  Section  4.3  can  be  effectively  studied.  The  'open  frame'  technique  has 
the  additional  advantage  of  easy  access  for  inspection  and  photography,  and 
gives  greater  freedom  in  the  positioning  of  the  return  current  conductors. 

This  is  an  important  point  if  the  effects  of  the  magnetic  field  are  to  be 
investigated  in  a  realistic  way.  Sophisticated  systems  for  measuring  pulsed 
mechanical  forces  exist,  but  it  will  normally  suffice  to  note  the  total 
damage,  if  any,  at  the  end  of  the  test.  Photographic  records  should  be  kept 
of  any  sparking  or  arcing  that  occurs  during  the  pulse. 

For  measurement  of  the  indirect  effects  that  may  result  from  the  light¬ 
ning  strike,  it  is  necessary  to  reproduce  the  pitot  heater  failure  by 
'earthing'  the  heater  cables  at  the  pitot  end.  Measurements  should  be  made 
of  the  voltages  appearing  at  the  bus-bar  terminals  when  the  cable  is  termin¬ 
ated  with  a  simulated  bus-bar  impedance  or  left  open-circuit.  The  former 
measurement  indicates  the  voltage  transient  that  will  occur  at  the  bus-bars 
during  a  lightning  strike  should  the  heater  insulation  fail.  The  latter 
measurement  will  indicate  the  voltage  transient  that  will  stress  the  heater 
insulation  during  a  strike. 

The  voltage  transients  recorded  may  have  elements  of  both  fast  flux 
coupling  and  resistive  coupling.  These  elements  may  be  separately  assessed  by 
analysis  of  the  waveform  recorded,  as  indicated  in  Fig.  11. 

The  voltages  induced  can  be  a  combination  of  both  fast  flux  and 
resistive  coupling.  The  former  is  the  product  of  the  Mutual  Transfer  Induct¬ 
ance  M^p  and  di/dt,  while  the  latter  is  a  function  of  IR  delayed  by  the  time 
taken  for  the  current  to  penetrate  the  conduit  wall.  The  M^p  can  be  calculated 
from  the  actual  recorded  voltage  at  time  zero  and  the  di/dt  at  time  zero. 

The  rest  may  be  deduced  from  the  actual  case  shown  in  Fig.  11. 
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Figure  11  Curves  Showing  the  Derivation  of  an  Induced  Voltage  Curve 

The  failure  mechanisms  under  investigation  are  the  inductively  and 
resistively  coupled  induced  voltages,  and  the  mechanical  forces  arising  from 
magnetic  interactions.  The  first  two  failure  mechanisms  scale  to  di/dt  and 
I  peak  respectively,  whilst  the  latter  failure  mechanisms  scales  to  l2peak 
and  / I^dt.  The  pitot  will  be  in  zone  la  and  the  appropriate  internationally 
accepted  test  current  waveforms  will  be  current  components  A  and  B.  Current 
component  B  however  contains  none  of  the  parameters  required  for  failure,  and 
current  component  A  alone  need  be  used.  It  should  however  have  an  initial 
di/dt  of  not  less  than  20kA/us.  The  suggested  waveform  therefore  is  a  uni¬ 
directional  pulse  having  an  initial  di/dt  of  2  20kA/ps  rising  to  a  maximum 
of  200kA ±  10%  and  decaying  exponentially  to  zero  with  a  time  constant  of 
^  lOOys  thus  giving  an  action  integral  of  ^  2  x  1  06  A2s. 

5.2  Minimum  Arc  Channel  Interaction  Simulation 

When  simulating  the  condition  of  minimum  arc  channel  interaction 
described  in  Section  4.1  the  return  conductors  are  spaced  around  the  test 
piece  so  as  to  form  the  outer  component  of  a  coaxial  system,  with  a  test  piece 
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forming  the  inner  component.  Due  to  the  possible  complex  geometry  of  the 
system  under  test  (particularly  in  the  case  of  some  hybrid  systems)  a  simple 
concentric  conductor  configuration  is  not  possible.  The  following  procedures 
may  then  be  adopted.  The  computed  magnetic  field  around  the  test  piece  due 
solely  to  current  flowing  in  the  test  piece  itself  is  plotted  in  three  dimen¬ 
sions.  The  return  conductors  are  then  placed  around  the  test  piece  at  a 
convenient  distance  from  it,  and  so  positioned  that  they  all  lie  on  the  same 
flux  surface  throughout  their  length.  The  spacing  between  the  conductors 
should  be  regulated  such  that  the  function  /Hd£  should  remain  the  same  between 
each  conductor  and  its  neighbour  either  side.  The  number  of  conductors 
employed  should  be  as  great  as  practical  considerations  allow,  but  in  any  case 
it  should  not  be  less  than  six. 

5.3  Maximum  Arc  Channel  Interaction  Simulation 

This  simulation  is  in  general  simpler  than  the  preceeding  case.  For 
this  a  single  conductor  can  be  used  to  carry  the  simulated  lightning  current 
along  the  chosen  lightning  channel  path  to  the  pitot  and  a  hard  connection 
made.  The  forces  acting  on  the  arc  channel  will  cause  it  to  move  but  in  the 
case  of  a  natural  lightning  strike  to  an  aircraft  the  aerodynamic  forces  on 
the  arc  channel  will  tend  to  stabilise  the  arc  and  it  is  unlikely  to  move  a 
significant  distance  during  the  short  risetime.  More  work  is  needed  however 
to  understand  this  fully.  If  the  system  is  to  be  tested  for  an  attachment 
to  the  mid-point  of  an  external  divertor  strip  it  may  be  more  convenient  to 

make  th  connection  via  a  short  arc.  As  only  current  component  A  is  used  the 

arc  root  damage  will  be  negligible. 

6.  CONCLUSIONS 

1 .  Direct  puncture  of  a  radome  having  a  forward  mounted  pitot 
is  extremely  unlikely.  The  main  hazards,  both  direct  and 
indirect,  arise  from  lightning  currents  flowing  in  the  pitot 
heater  cables. 

2.  These  hazards  can  be  contained  by  covering  the  heater 
cable  throughout  its  length  with  a  conduit  that  carries 
all  or  part  of  the  lightning  current. 

3.  The  current  carrying  capacity  of  the  conduit  may  be  assisted 
by  other  parallel  lightning  path(s),  but  all  paths  combined 
must  be  capable  of  carrying  the  total  action  integral  of  the 
strike  safely. 

4.  The  pitot  heater  circuit  should  be  a  two-wire  system.  Single 
wire  earth  return  systems  are  not  suitable  for  this  application. 

5.  The  system  must  be  designed  to  withstand  the  magnetic  forces 
on  it.  Care  must  be  taken  with  detailed  design  at  conductor 
current  junctions. 

6.  Full  scale  lightning  tests  should  be  conducted  on  the  final 
design,  for  both  direct  and  indirect  effects. 
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THE  ROLE  OF  FIELD  CALCULATIONS  IN 


SIMULATED  LIGHTNING  TESTING 


B.J.C,  Burrows 
Culham  Laboratory,  England 


This  paper  contains  information  derived  daring  the  course  of  contracts  with 
the  United  Kingdom  Ministry  of  Defence, 


INTRODUCTION 

Through  lightning  simulation  testing,  a  wide  range  of  possible  effects  on 
an  aircraft  arising  from  an  in-flight  lightning  strike  may  be  investigated. 
These  include  direct  effects  (i.e.  physical  damage  from  burn  through,  puncture 
and  vaporisation,  and  magnetic  forces  etc.)  and  indirect  effects  on  antennas, 
electrical  and  electronic  systems  etc.  The  increasing  use  of  solid  state 
electronics  in  flight  critical  systems  and  the  developments  in  aircraft  con¬ 
struction  techniques  (for  example,  the  use  of  glass  fibre,  nomex  and  graphite 
composites)  makes  accurate  simulation  very  important  in  order  to  assess 
reliably  the  safety  and  integrity  of  these  systems  when  exposed  to  the  indirect 
effects  of  lightning. 

Within  the  past  two  or  three  years  considerable  improvements  in  under¬ 
standing  the  requirements  for  satisfactory  tests  for  indirect  effects  have 
been  made.  Some  of  the  problems  were  discussed  in  previous  papers,  (rtference'' 
I  and  2)  and  a  report,  (reference  3)  and  therefore  the  aim  of  this  ;.ujv:x  is:- 

1  to  recommend  that  these  improved  simulation  techniques  are  adopted  in 
future  tests; 

2  to  demonstrate  the  value  of  easy-to-use  field  programmes  to  facilitate 
test  rig  design  and  the  prediction  of  induced  voltages; 

3  to  indicate  those  areas  of  research  where  new  quantitative  information 
is  required  to  allow  further  improvements  in  lightning  simulation. 

The  last  can  be  briefly  dismissed.  Although  the  simulation  of  the  low 
frequency  components  (below  300kHz)  of  lightning  is  the  first  consideration 
in  the  design  of  test  equipment,  it  has  become  evident  that  high  frequency 
effects  are  important,  particularly  the  presence  of  standing  waves  at  several 
megahertz  on  the  aircraft  skin.  Much  more  information  about  the  high  frequen¬ 
cies  present  is  required  from  the  lightning  interaction  phenomenologis ts . 
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BRIEF  REVIEW  OF  TEST  RECOMMENDATIONS  FOR 


INDUCED  VOLTAGES  IN  SMALL  AND  LARGE  STRUCTURES 

Formal  recommendations  on  testing  for  indirect  effects  are  contained  in 
a  small  number  of  documents  (references  4,5,6, 7  and  8),  three  of  which  (5,6 
and  7)  are  derivative  from  reference  ’4,  the  SAEAE4L  committee  report.  Two  of 
the  documents  (6  and  7)  do  not  include  information  on  engineering  tests  since 
engineering  tests  are  outside  the  scope  on  these  documents.  (Note:  an  engine¬ 
ering  test  is  defined  as  one  which  is  used  to  find  design  information,  as 
distinct  from  a  qualification  test  which  is  for  proving  purposes.  Indirect 
effects  tests  at  the  moment  are  mainly  engineering  tests.) 

The  two  remaining  documents  (references  4  and  8)  are  the  so-called 
"blue  book"  (SAEAE4L  document)  and  the  'green  book'  (the  Culham  Laboratory 
Report  R163).  These  have  only  brief  descriptions  of  test  rig  design  and  lay¬ 
out  for  indirect  effects  on  either  external  electrical  hardware  or  whole  air¬ 
craft  tests.  There  are  several  other  types  of  indirect  effects  tests  which 
are  required  and  not  yet  described  in  the  formal  documents.  Also  the  improved 
understanding  of  lightning  fields  and  of  the  design  of  test  facilities  has  ren¬ 
dered  obsolescent  much  of  the  existing  material  on  whole  aircraft  testing. 
Difficulties  in  testing  were  not  ignored  in  these  early  documents:  references 
5  and  8  in  particular  point  out  many  problem  areas.  For  example,  the  scaling 
of  results  obtained  with  low-level  pulses  can  be  a  formidable  problem, 
exacerbated  by  non-linearity  in  the  test  object.  Other  problems  appear  from 
overall  facility  effects  on  the  current  distribution,  the  signal  to  noise 
ratio,  and  the  generation  of  spurious  high-frequency  current  components. 
Moreover,  recommendations  are  never  sufficiently  detailed  to  enable  satisfac¬ 
tory  rigs  to  be  designed  that  would  yiu.d  the  same  results  in  different 
Laboratories . 

Two  particular  types  of  test  are  not  mentioned  but  deserve  comment. 

Since  large  aircraft  are  usually  too  big  to  test  economically,  small  rigs  can 
be  used  to  test  sub-structures  or  components,  for  example,  graphite  or  glass 
fibre  composite  panels  behind  which  wiring  is  situated.  Field  calculations 
enable  the  current  density  due  to  a  severe  stroke  to  be  calculated  for  in¬ 
flight  conditions;  this  is  usually  translatable  to  the  test  rig  by  suitable 
choice  of  geometry  and  test  current  level,  but  the  process  has  not  been 
discussed.  The  other  type  of  test  not  yet  described  is  the  swept  CW  technique 
currently  being  developed  in  several  quarters,  in  particular  at  the  Boeing 
Aircraft  Company.  Discussions  on  the  usefulness  of  this  test  are  necessary  to 
determine  its  advantages  or  disadvantages  over  impulse  testing,  and  the  formal 
documentation  should  comment  on  its  range  of  applicability.  Detailed  consid¬ 
erations  for  radome  tests  have  been  given  in  a  previous  paper  at  this  con¬ 
ference  (reference  9)  and  illustrate  the  care  needed  for  valid  electrical  anc’ 
mechanical  measurements. 


DETAILED  COMMENTS  AND  SUGGESTIONS  FOR 


IMPROVED  TEST  RECOMMENDATIONS 

The  following  points  not  covered  in  existing  documents  need  consideration 
and  detailed  specification. 

1  The  maximum  current  and  di/dt  attainable  from  a  given  size  capacitor 
bank  are  desirable  to  give  best  signal- to-noise  ratio.  This  implies 
the  need  for  low-inductance  test  circuits.  Lumped  inductors  for 
trimming  the  pulse  waveform  are  especially  to  be  avoided  since  they 
give  self-resonance  problems  and  the  added  inductance  means  that 
higher  voltages  are  required  from  the  capacitor  bank  to  give  a  high 
current  and  high  di/dt.  The  higher  voltage  required  on  the  capacitor 
bank  results  in  more  radiated  interference  from  that  capacitor  bank 
when  it  is  switched. 

2  A  low-inductance  test  circuit  requires  a  low-inductance  capacitor  bank 
using  wide  metal  strips  for  connections,  a  low  inductance  switches  and 
if  a  Marx  generator  is  used,  as  few  stages  as  possible.  A  total 
system  inductance  -  airframe  +  capacitor  bank  -  of  approximately  3-4 
micro-henries  should  be  aimed  at. 

3  If  hard-wire  diagnostics  are  to  be  used  from  the  aircraft  (or  large 
sub-assembly  or  test  rig  etc.)  careful  attention  must  be  paid  to 
system  earthing  to  avoid  serious  diagnostic  problems.  For  aircraft 
tests  earthing  (or  grounding)  a  part  of  the  airframe  directly  is 
desirable,  in  which  case  the  capacitor  bank  should  have  the  minimum 
stray  capacitance  to  ground,  be  compact,  close  to  the  drive  point  of 
the  airframe  and  have  decoupled  charge  and  trigger  leads  to  the  switch. 
See  figure  1. 

4  If  ground  power  is  required  during  an  aircraft  test  it  is  greatly 
facilitated  by  point  3  above;  that  is,  by  having  a  grounding  point  on 
the  airframe.  This  should  be  a  tube  directly  to  the  floor  or  grounding 
point  through  which  the  power  cables  and  the  diagnostic  cables  can  be 
safely  routed.  No  other  part  of  the  system  can  be  earthed. 

5  All  of  the  points  mentioned  in  (1)  to  (4)  influence  the  production  of 
spurious  resonances  in  the  5-15  megahertz  range  in  the  aircraft  test 
facility.  The  ideal  is  that  the  aircraft  or  sub-assembly  should  only 
have  resonances  typical  of  the  in-flight  strike  situation  and  these 
will  be  associated  with  the  aircraft  dimensions,  that  is,  length  and 
wing-span.  The  resonances  must  not  be  dominated  by  the  stray  capacity 
of  the  capacitor  banks,  switch  and  cables  to  ground.  That  is,  the 
airframe/return  conductor  system  should  control  system  resonances 
rather  than  the  stray  or  lumped  electrical  elements  of  the  generator. 
This  condition  is  satisfied  by  the  requirement  mentioned  in  point  3 
above,  that  a  simple  compact  bank  is  used  well  spaced  from  the  ground. 
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but  close  to  the  aircraft.  It  should  be  noted  that  the  hf  resonance 
problem  is  in  general  severe  when  multi-stage  Marx  generators  are 
used,  owing  to  the  variability  of  the  hf  spectrum  generated  by  the 
erection  time  jitter.  A  single  stage  bank  is  the  ideal  but  recent 
work  in  Culham  has  shown  that  a  three  stage  Marx  generator  bank  can 
give  acceptable  results. 

6  To  improve  simulations  at  high  frequencies  the  question  of  standing 
waves  on  the  airframe  should  be  considered.  Consideration  of  the 
in-flight  strike  suggests  that  the  extremities  are  voltage  antinodes 
and  current  nodes  and  the  centre  of  the  fuselage  and  wing  roots  will 
be  voltage  nodes  and  current  antinodes  (see  figure  2  ).  Hence  the 
airframe  or  wing  under  test  is  preferably  excited  at  the  wing  tip, 
nose,  or  tail  and  the  return  conductors  joined  at  the  wing  root  or 
fuselage  centre,  so  giving  a  current  antinode  at  this  connection 
point  at  the  fundamental  resonance  frequency.  The  Q  of  this  resonance 
may  be  easily  controlled  by  damping  as  described  in  reference  1. 

7  The  existing  documentation  does  not  address  the  problem  of  scaling  sat¬ 
isfactorily.  It  is  most  unlikely  that  results  measured  at  250  amps 

on  an  aircraft  can  be  scaled  reliably  to  200  kA  particularly  if  any 
importance  is  placed  on  the  initial  transient.  Consider  a  test  on  a 
wire  for  a  data  bus  in  a  digital  system.  To  test  for  possible  inter¬ 
ference  the  test  should  be  able  to  measure  approximately  0.5V  or  less 
when  200  kA  flows  in  the  aircraft.  A  scaled  down  test  to  250  amps 
would  therefore  need  to  have  an  adequate  signal  to  noise  ratio  to 
measure  a  voltage  of 


0.5  x  250 

200,000 


-  600yV 


Owing  to  transient  interference  radiation  from  the  capacitor  bank  it  is 
well-nigh  impossible  to  measure  such  signal  levels  satisfactorily. 
Although  the  use  of  fibre-optic  links  appears  promising,  receiver  noise 
limits  the  available  dynamic  range  to  signals  greater  than  approxima¬ 
tely  lOmV  unless  considerable  amplification  is  used  before  the  optic 
cable  drive  transmitter. 


8  A  further  scaling  problem  concerns  measurements  on  graphite  fibre 
structures  especially  those  containing  aluminium  honeycomb.  Some 
recent  work  at  Culham  in  which  low  current  dc  measurements  and  high 
current  pulse  measurements  were  compared  revealed  substantial  non¬ 
linearity  in  the  performance  of  graphite /aluminium  honeycomb,  so  re¬ 
quiring  high  current  pulse  tests  for  representative  results. 

9  Further  guide  lines  are  needed  on  testing  graphite  composites/aluminium 
structures  owing  to  the  current  redistribution  that  takes  place  be¬ 
tween  the  metal  and  composite  during  the  high  current  pulse.  For 
reliable  results  the  pulses  must  contain  a  correctly-proportioned  pulse 
in  respect  of  both  di/dt  and  peak  current.  This  arises  because  the 


high  resistance  of  graphite  makes  it  necessary  to  have  a  high  di/dt  to 
drive  the  surface  current  through  the  graphite.  This  surface  current 
then  produces  the  IR  voltage  in  the  composite  panel  measured  intern¬ 
ally.  If  a  pulse  of  similar  peak  amplitude  were  used  but  much  lower 
di/dt  results  would  indicate  that  the  di/dt  effects  the  scaling  of  IR 
voltages  whereas  an  IR  voltage  would  be  expected  to  scale  with  peak 
current!  Thus  a  lOOkA/ps  pulse  or  an  appropriate  scaled  fraction  is 
desirable  for  a  full-size  component  test. 

10  Protection  techniques  can  be  tested  on  equipment  of  small  physical  size 
which  duplicate  the  in-flight  conditions  of  a  complete  aircraft  carry¬ 
ing  the  current  pulse  of  a  severe  stroke.  For  example  the  protection 
of  graphite  or  glass  fibre  panels  can  be  assessed  by  mounting  the  full- 
size  panel  in  a  small  test  rig  in  such  a  way  that  its  surface  current 
density  can  be  calculated.  The  amplitude  of  the  current  test  pulse  is 
chosen  so  as  to  produce  the  current  density  levels  that  would  appear 
in  the  same  panel  when  used  on  the  aircraft.  The  surface  current 
density  on  the  aircraft  itself  is  obtained  also  by  calculation.  This 
technique  makes  a  substantial  reduction  in  the  cost  of  the  testing 
protection  techniques  but  requires  the  use  of  computer  programmes  which 
can  solve  the  current  distribution.  Appendix  I  describes  a  new  pro¬ 
gramme  called  INDCAL  for  this  application.  This  programme,  like  the 
POTENT  code  (reference  10)  used  previously  for  induced  voltage  predict¬ 
ions,  is  a  2D  calculation  which  assumes  a  structure  of  constant  cross 
section.  This  is  a  sufficiently  good  approximation  for  most  parts  of 
the  airframe  except  where  complex  geometry  occurs  at  wing  root,  pylons 
etc.  Empirically  determined  correction  factors  are  available  for  pre¬ 
dicting  induced  voltages  in  complex  geometry  in  slots  of  a  wide  range 
of  length-to-width  ratios. 

I  1  The  present  documentation  does  not  define  an  acceptable  current  distri¬ 
bution  achieved  in  a  test  compared  to  the  free  space  in-flight  distri¬ 
bution,  and  thus  the  degree  by  which  any  test  over-or  under-emphasises 
certain  voltages  is  unknown.  The  computer  programmes  named  above  can 
simplify  and  quantify  these  unknowns. 

CONCLUSIONS 

Indirect  effects  tests,  particularly  for  whole  aircraft  or  large  sub- 
assemblies,  need  to  be  specified  more  adequately  in  order  that  the  tests  are 
not  dominated  by  facility  effects.  Many  of  the  facility  effects  are  described 
above  and  solutions  are  offered  for  most  of  them.  More  information  on  the 
attachment  process  and  hf  excitations  caused  by  natural  lightning  to  the  air¬ 
craft  is  needed  and  it  is  believed  that  the  configuration  improvements  sugges¬ 
ted  here  will  need  little  modification  to  achieve  a  better  simulation  when 
more  information  is  available.  Simple-to-use  computer  programmes  considerably 
simplify  the  design  of  test  facilities  by  providing  quantitative  data  on 
surface  current  densities  in  proposed  test  rig  configurations  for  comparison 
with  conditions  in-flight.  They  also  provide  data  on  total  system  inductance. 
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Fig.  2  HF  standing  wave  in  air  frame 
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Fig  3.  Example  of  output  from  INDCAL. 

Numbered  segments  are  the  structure,  the  lines  are  field  lines 
and  are  also  lines  of  constant 
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Appendix  1 

Field  calculations  for  aircraft  work  may  be  performed  in  a  variety  of 
ways,  all  of  which  rely  on  the  same  basic  physical  principle  that  metal  sur¬ 
faces  are  the  field  boundaries  and  no  magnetic  flux  cuts  them.  Such  calcu¬ 
lations  can  be  performed  using  analogs  (TELE-DELTOS  resistive  paper,  electro¬ 
lytic  tank  etc.)  and  by  finite  element,  or  finite  difference,  computer  codes. 
The  latter  codes  are  far  more  reliable  than  the  analog  methods  and  have 
supplanted  them  almost  entirely.  POTENT,  a  finite  difference  code  has  been 
described  previously  and  was  used  in  work  reported  in  references  1  and  3. 
INDCAL  is  a  finite  element  code  based  on  matrix  inversion  techniques  allowing 
the  calculation  of  current  distribution;  the  field  patterns;  and  common  mode 
coupling  factor  Mpp  values  for  non  symmetric  shape  defined  by  50  elements,  or 
a  symmetrical  shape  defined  by  2  x  50  elements  using  symmetry.  INDCAL  has 
already  been  used  for  several  important  calculations,  and  gives  results  as 
accurate  as  POTENT  and  directly  comparable.  A  brief  summary  of  the  principles 
and  features  of  INDCAL  follows. 

INDCAL  calculates  the  inductively  controlled  current  distribution  around 
a  wing  or  fuselage  using  a  filamentary  approach  (ignoring  skin  resistance) 
from  which  the  Mpp  values  are  calculated. 

The  MTp  at  a  point  p  is  given  by  MTFp  =  L  -  Mp,  where  L  is  the  self  in¬ 
ductance  w.r.t.  conductor  and,  Mp  is  the  Mutual  Inductance  at  the  point  p. 

For  the  solving  of  this  problem  we  consider  a  body  to  be  represented  by  a 
series  of  long  straight  parallel  filaments  of  circular  cross-section.  The 
method  relies  on  the  principle  that  a  series  of  filaments  with  the  correct 
current  distribution  has  the  same  overall  field  at  a  reasonable  distance 
from  any  individual  filament,  as  a  body  of  similar  cross-section  but  made 
from  electrically  homogeneous  sheets. 

These  filaments  are  entered  into  the  programme  by  specifying  the  end 
points  of  a  short  line,  which  is  called  a  finiment.  The  points  are  then  bi¬ 
sected  to  give  the  centre  of  the  required  filament.  The  filament  radius  is 
then  set  by  dividing  the  finiment  width  by  a  known  factor.  Thus  n  finiments 
are  specified  by  n  +  1  points. 

INDCAL  is  an  interactive  programme;  this  means  that  it  is  controlled  by 
typing  commands  into  the  terminal  whilst  the  programme  is  running.  Commands 
exist  which  allow  the  user  to  perform  various  operations  on  the  finiments; 
read  and  write  storage  files;  read  finiment  positions  form  a  data  file;  draw 
graphs  with  or  without  contours;  give  helpful  information,  and  terminate  the 
programme.  These  commands  may  be  used  as  the  user  requires  them. 

An  example  of  the  graphical  output  for  an  INDCAL  calculation  on  a  slotted 
cylinder  is  shown  in  Figure  3. 
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